Fabrication of silicon-germanium thermoelectric materials for terrestrial general purpose applications by Aryal, K. R.
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
2000 
Fabrication of silicon-germanium thermoelectric materials for terrestrial 
general purpose applications 
K. R. Aryal 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Aryal, K. R., Fabrication of silicon-germanium thermoelectric materials for terrestrial general purpose 
applications, Master of Engineering (Hons.) thesis, , University of Wollongong, 2000. 
https://ro.uow.edu.au/theses/2555 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
NOTE
This online version of the thesis may have different page formatting and pagination 
from the paper copy held in the University of Wollongong Library.
UNIVERSITY OF W OLLONGONG 
COPYRIGHT WARNING
You may print or download ONE copy of this document for the purpose of your own research or 
study. The University does not authorise you to copy, communicate or otherwise make available 
electronically to any other person any copyright material contained on this site. You are 
reminded of the following:
Copyright owners are entitled to take legal action against persons who infringe their copyright. A 
reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to 
copyright material. Higher penalties may apply, and higher damages may be awarded, for 








K. R. ARYAL 




I wish to express my most sincere gratitude to my supervisor Dr Andrzej Calka 
whose valuable guidance, advice and suggestions could make me successful in 
completing this work. I would like to specially thank Prof. Druce Dunne for 
supporting this study and providing constructive advice.
My sincere thanks go to the administrative staff at the University of Wollongong 
including Mrs R. Cambareri and J. Mestre for their administrative support and, 
to following people/department at the ANU who helped me at various occasions 
during the course of the study.
Energy Research Centre - For several technical and administrative assistances 
which include building of the equipments designed for the project. Dr A. 
Brandstetter helped me at all stages of the work. Prof. S. Kaneff provided his 
continuous support. Technical staff, specially R. Whelan, had provided valuable 
skills in constructing the equipments to their desired performance characteristics.
Electronic Materials Engineering - For several technical and administrative 
assistances specially in mechanical alloying and sample characterisation. Prof. 
J. Williams provided his support and a positive attitude towards the project at 
various occasions. Dr. M. Ridgway helped in RBS analysis and was a valuable 
source of information specially for semiconductor-metal contacts including 
MoSi2. Dr. J. Jagdish helped in doing some Hall effect experiments.
School's workshop (RSPhysSE, ANU) - For doing excellent work in making 
precise highly accurate components for the equipments (Pressing equipment, 
Pressure Asssisted Sintering Furnace and Electrical Resistivity Measurement 
Apparatus) specially designed and built during the course of this study.
I also acknowledge the help I received from several other departments including 
ANU Microscopy Laboratory for assistance in detail SEM/EDXS analyses, 
Research School of Earth Sciences - Sample Preparation Laboratory, Research 
School of Chemistry - High Pressure Laboratory (for some high pressure and 
temperature experiments), Australian Defence Force Academy (for some TEM 
analysis) and die DEET, the government of Australia (for providing me the 
scholarship during my work at the ANU).
Finally I am thankful to my wife, Reeta, my daughter, Rosi and my son, Nischal 
not only for their help in typing parts of this thesis but also for the invaluable 




Si-Ge thermoelectric materials (TEM) have been used for special purpose 
applications particularly in radioisotope thermoelectric generators (RTG) for a 
few decades. Despite many of their desirable properties they have not been used 
as widely for day to day direct energy conversion purposes. Considering the 
recently developed technologies in materials science and TEM processing, this 
study investigated the possibility of making and using Si-Ge based TEM for 
direct heat to electricity power conversion processes in general purpose 
applications.
Firstly the benefit of using a thermoelectric generator (TEG) based on Si-Ge 
TEM was analytically assessed in the context of a solar thermal power system. 
The aim was to identify one of the several possible non-conventional 
applications of a Si-Ge TEG where the cost of its utilisation would be the major 
constraint. Appropriate analysis may reveal similar type of benefit in other 
applications or other ways of utilisation. Using parameters obtained from the 
state of the art technique it was seen that a substantial improvement in total 
system efficiency could be achieved thereby reducing the cost of generating the 
electricity.
The second phase of the work was focussed on the practical aspects of realising 
the above potential. Various ways of making Si-Ge materials were reviewed. 
Considering all potential preparation methods a method based on room 
temperature alloying and pressure assisted sintering process was selected for 
further experimental investigation. The selection made was based on the 
possibility of easier automation of the processes involved so that a cost effective 
mass production would be possible for an wide scale utilisation. Experimental 
studies were performed to identify the actual preparation procedures.
Mechanical alloying method using special controlled milling technique was used 
to produce homogeneous solid solution alloys of very small grain sizes. A 
pressing equipment was designed to press the powders in vacuum. A pressure 
assisted sintering furnace was designed and built to sinter the pellet at 
temperatures up to 1300 deg. C while maintaining a pressure of about 100 
kg/cm2. Using the pressure assisted sintering furnace green-pressed samples 
could be compacted to a high density pellet. SEM/EDXS, X-ray and 
transmission electron microscopy techniques were used to characterise the 
materials at the various stages during processing.
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In the third stage, the prepared samples were assessed regarding their physical 
and electrical parameters. The density measured was greater than 90% of the 
theoretical. The pellets constituted homogeneous solution of Si and Ge. A 
special electrical resistivity measuring apparatus (ERMA) was designed and 
built for an accurate measurement of electrical resistivity from room temperature 
to about 400 °C.
The ERMA was designed with a travelling probe mechanism such that it could 
be used to measure the variation in electrical resistivity within a sample to 
identify anisotropy in the sample, if any. The mechanism can also be used to 
measure the contact resistivity in case of a pellet with an appropriate electrical 
contact. Hall effect techniques were also used to measure the electrical 
resistivity, the charge carrier concentration and the mobility of the charge 
carriers.
The proposed method and the developed technique could result in highly doped, 
homogeneous and fine-grained solid solution alloys of high density as required. 
Electrical resistivities are, however, relatively high showing that additional 
improvements are necessary in this process of preparing low cost Si-Ge alloys 
for terrestrial applications.
Further experiments showed that the oxygen in the powdered sample is 
relatively high which could have degraded the electrical conductivity. 
Consequently this work suggests that further investigations are necessary to 
determine the exact procedure to reduce oxygen during powder processing to an 
acceptable level.
Also several experiments were performed to make an electrical contact to the Si- 
Ge alloy pellets. The attempts were partially successful as a good mechanical 
contact of Mo powder and Mo foil could be made using the solid state diffusion 
bonding process. The electrical contact resistance, however, is not low. One of 
the possible causes of this may be the high level of oxygen observed in the 
sample. So in parallel with the above, the work on contacts could be continued 
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Unless specified in the text or listed below the symbols have their usual meaning 
eg. Si = Silicon, Ge = Germanium, B = Boron, P = Phophorus, MoSi2 = 
Molybdenum disilicide, PbTe = lead telluride etc. Also sometimes the suffix ‘s’ 
has been used to make the word plural for example TEGs refers to 
thermoelectric generators.




Identification of a sample eg. AS9P7 (literally meaning
âL iL
7 pellet prepared using alloy sample 9 ).
ASI Advanced scientific instrument
e.m.f. Electromotive force (electric potential)
EDXA Energy dispersive X-ray analysis
EDXS Energy dispersive X-ray spectrometer/spectrometry
eqn. Equation
ERM Electrical resistivity measurement
ERMA Electrical resistivity measurement apparatus
K Thermal conductivity or Kelvin
MA Mechanial alloying
mohm - cm Milli ohm cm
Mpa Mega pascal
nm Nano meter
PAS Pressure assisted sintering
PASed Sintered using the PASF
PASF The pressure assisted sintering furnace
R & D Research and development
RBS Rutherford backscatter spectroscopy
ref. Refer or reference
RTG Radioisotope thermoelectric generator
S Seebeck coefficient (thermo power) of a material
SEM Scanning electron microscope/microscopy
Si-Ge or SiGe Silicon germanium solid solution
STSPP Solar thermal steam power plant
TCMA Thermal conductivity measurement apparatus
TE Thermoelement or thermoelectric
TEG Thermoelectric generator
TEM Thermoelectric material or transmission electron 
microscope/microscopy
temp. Temperature
UOW University of Wollongong
Z Figure of merit of a material
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Tj ha or nHa Heat absorption efficiency
Îmax Maximum efficiency
Jls Efficiency of steam engine
T|svs or nSys Net system efficiency
T|tot or nTot Total efficiency
îltr Efficiency of fluid transport network
K Thermal conductivity of a material
P Electrical resistivity o f a material




1.1.1 Historical background of thermoelectricity
Thermoelectricity is the science that deals with the direct conversion of heat to 
electricity. Its discovery dates back to 1821 by Seebeck, when he noticed the 
deflection of a magnetic needle when placed near a circuit made of two different 
conductors having a temperature difference between the two junctions. Thirteen 
years later Peltier discovered that the passes of current across a junction formed 
of two different conductors cause absorption or liberation of heat. This 
phenomena was made more clear in 1938 by Emil Lenz that the water could be 
frozen when placed on a bismuth-antimony junction by the passage of an electric 
current. He also found that on reversing the current the ice could be melted.
Kelvin explained the phenomena using thermodynamic arguments. He also 
found that there must be an another effect (later called the Thomson effect) that 
of the lateral cooling or heating. Thomson effect occurs in a homogeneous 
conductor when an electric current passes in the direction of a temperature 
gradient. In 1909 to 1911 Altenkirch successfully derived the basic theory of 
thermoelectricity that explained above phenomena. His work indicated that for 
generation or refrigeration purposes the materials should have high Seebeck 
coefficient, low electrical resistivity and low thermal conductivity.
1.1.2 Use of thermoelectric generation
Despite these early discoveries, the application of thermoelectric effect has been 
mainly in the measurement of temperatures by means of thermocouples. Since 
past few decades some types of TEG have been found used in specific 
applications (long-life maintenance-free remote power sources such as space 
programs, military applications and bio-medicine eg. pacemakers)1 where the 
desirable properties of the thermoelectric generators out-weigh the cost to make 
them.
A TEG utilises the principle of thermoelectricity to convert thermal energy 
directly to electricity. Thermoelectric generators as a power source have several 3
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desirable properties. They are reliable and silent energy converters with no 
moving parts. For example, the multihundred watt Si-Ge radioisotope generator 
successfully completed the 12 years of operation in the Voyager space craft2. 
Their major drawbacks are their low efficiency on the one hand3 and the 
relatively high cost of preparation and fabrication on the other. These together 
have inhibited the wide scale general purpose application of a TEG.
1.1.3 Development of Si-Ge TEM
The major components of a thermoelectric generator (TEG) are the 
thermoelements making up the arms which form hot and cold junctions. There 
are various types of thermoelectric materials (TEM). They have different 
properties in different temperature ranges. The temperature range of operation is 
one of the parameters on which a particular TEM is selected. In this work Si-Ge 
materials has been chosen as the materials of choice (see Chapter 2). They are 
rugged and have been proven to work reliably. There is relatively more 
information about Si-Ge TEM and also their working temperature range is 
suitable in the applications (see Section 2.10).
1.1.4 Latest trends in the preparation of the TEM
Recent developments in materials science and technology have provided a range 
of novel techniques to prepare materials with new and improved properties. In 
several cases the new techniques not only result in improved properties but also 
are easier and hence more cost effective. One of the new techniques discovered 
is mechanical alloying. MA alloys materials at room temperature and in some 
cases the solid solutions are more homogeneous than those prepared by 
conventional alloying techniques. Si-Ge alloys are among them. Due to the 
wide separation between the solidus and the liquidus in the phase diagram of Si- 
Ge it is difficult to obtain a homogeneous solid solution by conventional 
techniques. Mechanical alloying overcomes this difficulty by letting the alloy 
form at the overall room temperature4.
The patented MA method developed at the ANU5 is unique. It has been 
successful in producing materials of improved properties in several alloy 
systems. In contrast to the conventional alloying method the new MA method 
uses controlled movement of the balls which in turn can be used to obtain a 
better solid solution alloys as measured by desired grain sizes and solid 
solubility. For the present work this new technique has been used.
1.2 Background to the study
Taking into account the above developments an analytical study was performed 
to assess the benefit of developing a low cost Si-Ge TEM for a general purpose 
application. As one of the possible mass scale application in the near future the 
system studied was a TEG topping solar thermal steam power plant (STSPP). 
The reason for selecting the STSPP was that the STSPP technology as developed 
at the Energy Research Centre as a Big Dish technology has been envisaged to 
develop for a large scale application to produce electricity from the sun light. 
Significant achievements have been reported recently and the R and D effort has 
been continuing. Interests from electric utilities inside and outside Australia 
have been shown on this technology. The theoretical study suggested that with a 
suitably designed TEG as a topping cycle, the total system efficiency could be 
substantially increased thereby improving its cost-effectiveness.
The TEM developed can be used for special purpose applications as well. 
However, it would take time to have such a material accepted for certain special 
applications, eg. in space, where long term testing would also be required. For 
example despite the demonstrated high performance of the developed 
multicouple, in the design for the MARS rover RTG the base line design used 
the standard Si-Ge unicouples. This was because for the later an extensive 
database exists. They were used in RTGs for a number of mission (LES 8/9, 
Voyager, Galileo, Ulysses) and, also they had demonstrated stable performance 
with predictable degradation rates for periods in excess of 100000 hours6. The 
multicouple had completed 6000 hours of demonstrated performance in 1988. 
As compared to the BOM (beginning of mission) efficiency of 7.86% of the 
unicouple the multicouple had an BOM efficiency of 8.57%. Also the specific 
power (the power output per kilogram) of the multicouple RTG was 23% higher 
than that of the unicouple RTG. This was weighed against their lower 
technological maturity and higher programmatic risk.
1.3 Objectives
The primary objective of this study has been to investigate the desirability of 
using Si-Ge alloys for a general purpose thermoelectric applications in the light 
of the latest developments in the fields of materials science and semiconductor 
technology. The study was to be extended to identify a most promising 
technology for the preparation of Si-Ge alloys and experimentally evaluate its
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feasibility within a prescribed time frame. To this end the project had following 
specific objectives during various stages.
• As an example of the worth of developing Si-Ge thermoelectric materials by 
using the proposed technique, study the application of TEG for a general 
purpose large scale application that could result in a significant social benefit.
• Review the various preparation methods of making Si-Ge semiconducting 
TEM taking into account the latest development in materials science and 
semiconductor physics.
• Identify equipment, systems and procedures to practically realise the selected 
technique.
• Design and develop appropriate equipment and systems for the same.
• Identify, design and develop appropriate characterising procedures and 
schemes to evaluate the TEM.
• Evaluate and analyse the identified systems and procedures in regard to its 
suitability for mass scale utilisations.
1.4 Analysis and options
To pursue above objectives analytical and experimental studies were performed 
in a systematic way as follows.
a) Applications of a TEG for power generation purposes were reviewed in 
detail. It was found that they are used only in special purposes (eg. space ). 
TEG based on Si-Ge TEM were found to possess several desirable properties. 
These have the potential to be used in many applications specially if they could 
be made in an easier way using latest developed technology in materials science 
and engineering. One of the applications of a Si-Ge TEG is when it is used as a 
topping cycle in a STSPP. It was found that the nett system efficiency of the 
total system could be substantially increased thereby improving the cost 
effectiveness of this method of harnessing the solar energy.
b) A review of TEG, TEM, semiconductors and related materials science 
and technology literatures suggested that there are several types of TEM. It was 
considered that Si-Ge based thermoelectric generators can work reliably in wide
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temperature ranges quite suitable for applications as mentioned in (a) above. 
This was the reason of selecting Si-Ge in the above analysis. Various methods 
o f making Si-Ge TEM are mentioned in the literatures. Recently developed MA 
technique was found to result in homogeneous solid solution alloys and could be 
used in the preparation of TEM. Also pressure assisted sintering process was 
found to give high density solid pellets out of powders. These facts together 
with the proven improved MA method suggested a way of making Si-Ge TEM 
as follows;
• Alloy the powder using the controlled MA technique.
• Use the pressing and PAS sequence to density the pellet.
Chapter 2 analyses a TEG topping STSPP system and basic concepts on TEGs 
and TEMs. It also describes the basis of selecting the Si-Ge TEM and the 
proposed preparation technique.
c) Even though MA equipment was available at the ANU, the pressing and 
the PAS systems were not available. As such a vacuum pressing equipment and 
a PASF had to be designed and a series of experiments were conducted to 
identify the suitable experimental procedure. Using the available MA method 
very homogeneous and small grain sized powders were produced. The powders 
were compacted to obtain a pressed pellet for further working using the pressing 
equipment. The analysis and the investigations on MA and pressing procedures 
have been considered in detail in Chapter 3.
d) After the cold working stage as mentioned above the obtained samples 
were sintered in a specially built pressure assisted sintering furnace. The 
compacts were then annealed in a tubular furnace such that the sample pellets 
would be sintered to a high density and would have other desirable 
characteristics. The analysis and experiments on these aspects are described in 
Chapter 4.
e) After getting high density pellets with desirable characteristics (high 
density, homogeneous, highly doped), the next step was to evaluate its physical 
and electrical properties. Measurement of thermoelectric properties is always 
not that easy and it is very likely that some of the processes will be overlooked. 
This led to a thorough and careful reviewing of the literature on TEM property 
measurements with due regard to available facilities at the ANU.
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f) Also considered at this stage was a possible TEM with integrated 
electrical contacts which would be the case finally in a TEM to be used in a 
TEG. Subsequent to the review a high temperature electrical resistivity 
apparatus (ERMA) was designed, built and experimentally validated. This 
apparatus has the facility to measure the contact resistance of a TEM with an 
integrated contact. Electrical resistivity of the prepared samples was measured 
using the above apparatus. Using another available equipment Seebeck 
coefficient was estimated. Hall effect measurements were also performed for 
mobility, dopant concentration and electrical resistivity measurements.
The results of the property measurements showed that the resistivity in the 
samples are higher than the anticipated values on the basis of other observed 
good characteristics. Further experiments were conducted to understand that 
degradation in the electrical conductivity. This showed that the presence of 
oxygen in the powder samples during processing may be attributed to the 
degradation. These have been explained in Chapter 5.
g) Chapter 6 discusses some of the important issues in TEM applications 
specially the electrical contact to the TEM. Due to the importance of the 
electrical contact some experimental studies were performed to understand the 
contact properties. The main aim was to ascertain the feasibility of making a 
metallic contact to the Si-Ge TEM made by this method. The results of the 
investigation once again indicated that the oxidation during processing of the 
powder may have influenced the contact and its formation, however, this 
conclusion needs further experimental validation.
h) The final chapter gives the conclusion of the overall study as a summary 
o f all of the above investigations. Also suggested are some further studies which 
could progress the present achievements and understandings towards achieving 
the desired results.
1.5 Papers, submission and collaboration efforts.
An additional activity resulted from the work during the tenure of this project 
was the dissemination of the progress of the work in the relevant scientific 
community. As a result following papers were presented and are published in 
the corresponding proceedings.
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Wagga, February 1990.
Aryal, K.R. and A. Brandstetter (1991). Method of Making High Density Si-Ge 
Powder Alloy Compacts For Thermoelectric Use, 10th Australian Institute of 
Physics Congress, Melbourne, 10-14 Feb, 1992.
Following submissions were made for the related projects
’’Development of a thermoelectric generator to increase substantially Solar 
Steam Power Plant overall system efficiency”, Application for project grant to 
National Energy Research Development and Demonstration Council, in 1990.
"Improved silicon-germanium alloy thermoelectric materials for power 
generation based on a new mechanical alloying method developed at the ANU" 
(a collaborative project with CSIRO Division of Material Science and 
Technology, Clayton, VIC.), Application submitted to CSIRO/ANU 
Collaborative Research Fund, in 1991
National and International (USA) collaborative interests were also available for 
the project. Specifically in 1989, a link was established with the AMES 
laboratories in the USA. They had shown their interest for collaboration initially
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to exchange TEM and, preparation and characterisation procedures (see 
Appendix 1). An interest in collaborating on the experimental processing 
method was also shown by the Dept o f Mechanical Engineering, University of 
Wollongong (see Appendix 2).
1.6 Summary
Thus at first the desirability of using a TEG for an wide scale general purpose 
power generation application where cost effectiveness is the major criterion was 
assessed. After that a method of producing the TEM which is the major 
component in a TEG was selected. The method selected was based on a 
combination of the newly developed technologies which have been individually 
proven to provide better performance in other related applications.
The design and the development of the materials and the systems (including the 
PASF and the ERMA) could be successfully completed. Several of the desired 
characteristics in a semiconducting Si-Ge TEM could be achieved. This 
included the making of the highly dense homogeneous and highly doped alloy 
compacts. Also a solid state bonding of Mo foil to the Si-Ge TEM was 
successful. Appropriate information dissemination attempts at the relevant 
forums led to some external interests for the project and the methodology 
employed which were certainly encouraging.
Contrary to the anticipated high performance based on other desirable properties 
the electrical characteristics of the materials and the contact are poor. This led 
to further investigation. From the results of the investigation it is believed that 
the poor electrical conductivity is due to a high level of oxygen in the sample. 
As such this work recommends further experimental studies to reduce oxygen 
during material processing to an acceptable level and, suggests few possible 




This chapter describes the research done to fulfil the objectives 1 and 2 as given 
in the previous chapter. Starting with a brief description of the system 
investigated and the scope and limitations of the proposed system, a theoretical 
analysis has been provided. Based on the analysis and typical values obtained 
for the ANU Big Dish system the possible improvement in the efficiency of the 
system has been calculated. In the second part of this chapter, brief concepts 
and basic theory of a TEM and the methods of making them have been 
reviewed. Then the selection of the material and the proposed method has been 
described.
Part A - Use of a TEG as a topping cycle engine to a STSPP
Early work on a TEG for transforming solar energy to electricity was done by 
Telkes in the 1950s. Mainly due to problems in solar concentration her work 
could not proceed further7. However R and D on TEGs continued mainly for 
space and military programs3. In late 1960 a Si-Ge solar thermoelectric 
generator was designed for near sun missions8. Si-Ge TEM was selected 
because of their suitability for high temperature operation and their 
insensitiveness to radiation damage. The calculated efficiency of the TEG 
ranges from 2.06% at 0.354 AU to 5.27% at 0.177 AU (distance from sun in 
astronomical unit).
By themselves thermoelectric generators have been found inadequate for 
generating electricity from solar energy, on grounds of low efficiency and exotic 
materials leading to high cost9. However preliminary investigation has shown 
that better utilisation of the high quality heat attainable in a modem solar thermal 
power station seems practically feasible by using a thermoelectric generator as a 
topping cycle. The system considered basically consists of a solar concentrator- 
receiver network, a TEG and a Rankine cycle engine.
2.1 System description
A topping cycle engine receives energy from the heat source, produces useful 
work/electricity and rejects heat which is used as input to the lower cycle engine 
which again produces useful work and rejects energy to the ambient.
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Under following conditions a TEG as a topping cycle would be desirable:
i) Received energy is best utilised or is favourable for the lower cycle 
engines at temperatures at which the TEG can reject the energy.
ii) Input energy can be introduced at a sufficiently high temperature so that a 
temperature difference AT can be maintained across the TEG.
With today's technological knowhow very high temperatures can be attained 
with solar concentrators at the TEG hot side. In particular parabolic 
concentrators as considered below in reference to ANU's big dish technology, 
would be suitable for such purposes1011. A photograph of the Big Dish in 
operation is given in Figure 2.112.
Fig 2.1: The Big Dish -  Currently the world’s largest free standing solar thermal 
concentrator, developed through the Energy Research Centre, by the Physical 
Sciences Division, ANUTECH Pty Ltd.
Kamada has given theoretical concentration and attainable temperature in solar 
furnaces for flat, cylindrical and spherical targets in the focal region for a 
paraboloidal mirror.
Since the angle subtended by the sun is 0.0093 rad as an annual average, the 
solar radiation is nearly parallel. A paraboloid mirror is adequate for a reflecting
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concentrator. The geometry of a paraboloid is defined by two parameters, say 
aperture D and the aperture ratio n (=D/focal length f). The total solar energy 
incident on a mirror is given by rc/4 D^*Ha. Hence the aperture governs the 
input power of the solar furnace. On the other hand, the focal length and the 
aperture ratio determine the size and the intensity of the sun image13. Thus 
suitably choosing the ratio F/D, an appropriate geometry for the target and a 
suitable heat transfer rate, a desired level of temperature can be attained at the 
receiver.
2.2 Limitations
For a particular solar insolation level the selection of the very highest possible 
temperature may not be a desirable one because of the following reasons.
1) As the temperature goes higher the energy loss due to radiation, 
convection etc. also goes up and at some temperature level the benefit of 
using the TEG will be overcome by the loss.
2) Materials and devices may not satisfactorily operate above a certain 
maximum temperature. The system as a whole might not be possible to 
be built or operated.
3) TEG can not be manufactured to be operable within those temperature 
ranges.
2.3 Theoretical aspects
Ideally energy conversion by a topping cycle occurs with 100% efficiency from 
the total system viewpoint. This can be easily appreciated by considering two 
systems one with a topping and the other without the topping system. As an 
example Figure 2.2 compares the above two systems with 17% efficiency for the 
steam engine and 7% efficiency for the TEG. It is clear that 7 KW output of 
incoming 100 KW is converted with 100% efficiency. However, in practice, the 
higher receiving temperature for the TEG topping system tends to increase the 
losses.
2.4 Analysis
Consider a topping TEG such that it receives solar energy at a high temperature 
and produces an output corresponding to its conversion efficiency while 
rejecting energy at a lower temperature as input to the steam engine. Solar
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radiation falling on the concentrator gets reflected and is absorbed by the 
receiver. This energy will be received by the topping TEG producing an 
electrical output (Poutteg) and rejecting heat (Qc) to the steam engine. An
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Figure 2.2:- Schematic diagram showing the increase of the net electrical output 
with the same amount of solar input when a topping thermoelectric
Electrical Output Electrical Output
▼
Total Electrical Output
Figure 2.3:- Energy flow diagram for a TEG topping solar thermal steam power
Let r|ha = efficiency of the heat absorber 
r|teg = efficiency of the TEG 
r|s = efficiency of the steam engine 
I0 = solar radiation intensity (w/m^)
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C = concentration ratio 
A = concentrator aperture (m2)
Tltr = Efficiency of the fluid transport network to transfer thermal energy 
from the absorber to the steam engine.
Then from Figure 2.3 it is clear that the total system efficiency
_  TotalElecPowerOutput 
TotalPowerlnput
Tltot =
Heat Absorbed.ijteg + HeatAbsorbed.(l -  rjteg ).7jtr .tjs
—
^    Vha.A JoW teg 1 lh a .A J0 ^  tfteg \ t  s "Htr
•I to t----------------
A.L
= r|ha.meg + nha.ris.ritr - nha.nteg.ns.ritr
=nteg (nha - nha.ns.ntr)+ nha.ns.ntr (1)
nha takes into account the incomplete reflections of the solar energy from the 
reflecting surface of the concentrators, the incomplete absorption of the reflected 
rays by the absorber, as well as the heat losses which occur additionally at the 
absorber due to radiation and natural convection, riha is given by
nha = r.a.
^ . ( n 4- r o 4)+/z.(r,-r0)
r.a.C.I0 (2)
where r = reflection coefficient of the mirror concentrator surface 
a  = Stefan Boltzmann constant, 5.67* 10~8 w/m2/K^ 
e = effective emissivity of the absorber
Ti = Temperature of the absorber assumed here equal to the
temperature of the hot junction of the TEG 
T0= ambient temperature
h = effective convection loss coefficient 
a  = effective absorption coefficient of the absorber
From equation 1 it is clear that every thing remaining unchanged higher the rjteg 
higher will be the total system efficiency. The following section briefly presents
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some of the basic concepts on the thermoelectric phenomena and the way to 
maximise the efficiency of a TEG.
2.5 Thermoelectric effects
The Seebeck effect is the phenomenon underlying the conversion of heat energy 
into electrical power. Its physical significance can be appreciated by 
considering the effect of imposing a steady temperature gradient along a finite 
conductor. Initially the conductor possesses a uniform distribution of charge 
carriers but in the presence of a temperature gradient the free carriers at the hot 
end will have a greater kinetic energy and tend to diffuse to the cold end. The 
build up of charge results in a back em f which opposes a further flow of charge. 
The open circuit voltage, when no current flows, is the Seebeck voltage.
The complementary effect, the Peltier effect is the phenomenon used in 
thermoelectric refrigeration in which a reversible heat absorption (rcabl) 
accompanies the passage of a current I through the junction. Where 7iab is the
Peltier coefficient of the junction and it is measured in watts per ampere or in 
volts. By convention, 7iab is taken as positive when current flows from a to b
and an amount of heat Q is absorbed from the surroundings. The Peltier effect 
arises because the potential energies o f the charge carriers in the materials on 
either side of the junction are different, as are the scattering mechanisms which 
govern the equilibrium between the charge carriers and the crystal lattice. 
Consequently, when a current flows through the junction energy must be 
interchanged with the surroundings in order to maintain conservation of energy 
and charge.
The third thermoelectric effect similar to the Peltier effect is the Thomson effect 
which is not o f primary importance but should be included in detail calculations. 
It relates the rate of generation of reversible heat which results from the passage 
of a current along a portion of a single conductor over which there is a 
temperature difference. The origin of the effect is essentially the same as the 
Peltier effect but with the temperature gradient along the conductor now 
responsible for differences in potential energy of the charge carriers and in the 
scattering mechanisms.
2.6 Thermoelectric generation
A TEG consists of a series of p-type TEM and n-type TEM connected in series 
or/and in parallel to obtain a desired electrical performance. The theory of
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TEMs has been briefly explained in section (Part B below). The Additional 
features required on the electrical and thermal contact as a whole have been 
briefly described in chapter 6. Following analysis presents the basic theory of a 
TEG that sets some design criteria to achieve the maximum possible efficiency 
which would determine the total achievable efficiency in equation 1. The details 
about the theory and additional derivation, for example for maximising power 
output instead of efficiency, are available in many references14’15’16.
Load
Figure 2.4:- A thermoelectric couple composed of a p-type and an n-type
semiconductor legs.
Figure 2.4 shows a basic thermoelement consisting of a p-type semiconductor 
and a n-type semiconductor connected with a metallic plate on one side. When 
the plate is maintained at the higher temperature than the other ends a potential 
difference appears at the cold ends due to Seebeck effect. If a load represented 
by a load resistance Rl is connected across the cold junction a current (I) flows
in the circuit and an electrical power is delivered to the load. If Sp and Sn are 
the Seebeck coefficients of the p- and n- type thermoelements then the total 
Thermal emf (Seebeck voltage) produced will be given by
V = (Sp-Sn).(Ti-T2)
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Where T l is the hot side temperature and T2 is the cold side temperature.
S£>T _  S.AT 
(Ri+R) R.(m+1)
R1 . .
Where m -  ^  -  the ratio of the load resistance (Rj) to the internal resistance
(R) o f the generator. AT = T 1 -T2 and R is the internal resistance of the TEG as 
given by
R = Rp + Rn =
Pn
Yn
+  £ £
yp
Thermal conductance is given by
K -  Xn-Yn + ^p-Yp
Where Xn and Xp are the thermal conductivities of the n- and the p- type 
thermoelements
yn = An/L, yP = Ap/L and L= length of the TEM assumed same for both legs 
Ap and An denote the respective cross sectional areas
Therefore the power delivered to the load = R] = ^
Rj + R
Total power from the heat source = The heat absorbed as the Peltier heat at the 
hot junction plus the heat passed to the cold junction by conduction minus half 
of the joule I-R loss in the thermoelements (other half going to the cold side) =
The efficiency TEG = rjteg -  ----------— --------------
KDT + S .T , . I - - . I2R 
1 2
Substituting the values and rearranging one can get





I  AT 
2‘Tl
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From the above expression it is clear that if  T l, T2 and the ratio m remain same 
tjteg will be maximum when KR becomes minimum. Substituting the value o f
K and R and differentiating the result with respect to the ratio ~  




The value of the minimum KR is obtained as [(pn-Kn)^+(pp.Kp)l/2]2
It should be noted that the minimum KR does not depend upon the individual 
geometry o f the TEM but on their electrical resistivity and thermal conductivity. 
So in the denominator of the above expression for the r|teg the parameters
RK/S^ depends upon the material properties and not the geometry. This 
grouping expressed as Z = S^/RK is usually called the Figure of merit of the 
material. For comparing materials usually for a single material it is defined as 
S2/pK17.
Assuming the relative areas are optimised, differentiating above expression for 
r|teg with respect to the ratio m and equating to zero we get the optimal m* that
maximises the TEG efficiency as
m* = 1 +Z .
T l +T2 
2
1/2
And the corresponding maximum efficiency of the TEG
qteg* ~
T 1 - T 2
Tl
m* - 1 
‘ * 12 
m + t i
(3)
Thus when the material parameters are known the geometry could be selected to 
get the minimum RK product. Then the load resistance is selected to achieve the 
maximum efficiency as obtained in equation 3. From the above equation it is 
clear that higher the m* higher the efficiency. For higher m* the figure of merit 
of the material should be high and also the average temperature between the hot 
and the cold sides (Tl+T2)/2 should be as high as possible. The effect of Z and 
the hot side temperature with cold side temperature at 573 °K is as given in 
Figure 2.5.
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Figure 2.5: TEG efficiency vs Figure of Merit (Z) for different hot side 
temperatures with cold side at 573 °K.
2.8 Efficiency of a TEG topping STSPP
If the figure of merit Z of the TEG is assumed not to vary with temperature in 




From equation 1 we get
1 d r ih a ________ns,r|tr -1______  dqteg
rih a 'd T l ~ ns.ritr + O n s.m r ).pteg ' dTl
Above equation can be solved numerically using equations 2 and 3. Thus one 
optimum Ti exists which depends upon qha> ns, Pteg and Ptr (i.e. characteristics
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of the reflector, the absorber, the steam engine, the TEM and the thermal energy 
transport network).
2.10 Data analysis and modelling
For estimating the effect of a TEG as a topping engine, the heat source and the 
heat sink networks of the TEG have been modelled with standard formulae. 
Eqn. 2 and the following equation were used for the purpose.
Steam engine output = r|S.ritr.Heat rejected by TEG (Qc)
For a steam cycle engine energy at a steam temperature around 400 deg C has 
been found to be most favourable, so a typical TEG may have its cold side 
designed to be at an average temperature of 300 deg C. It is assumed that water 
enters the cold side o f the TEG at a low temperature and steam comes out at 
around 400 C resulting in the removal of the heat rejected by the TEG.
Silicon-Germanium (Si-Ge) thermoelectric materials, the materials of choice 
(discussed in the Part B) are operable around 1000 C. Since this limit is not to 
be greatly exceeded, the hot side average temperature for the purpose of 
calculation is assumed to be 900 °C. It should be noted that Si-Ge 
thermoelement in the baseline RTG designed during the MARS rover study has 
a temperature of 996 °C at its hot junction and 293 °C at the cold junction6
The procedure used to calculate the parameters of the TEG is as given in Angrist 
[1965]. The n- and p- type materials with the highest figures of merit in the 
above temperature range (300 °C-900 °C) are the SiGe/GaP materials described 
for example in Draper [1987] by sample T118 and by Heshmutpur [1986] 
respectively. The thermoelectric parameters at 600 °C for the materials are as 
given below.
n-type p-type Unit
Seebeck Coefficient (S) -238.75 231.25 micro V/oC
Electrical Resistivity (p) 1.41 2.21 mW-cm
Thermal Conductivity (k) 36.6 31.8 mW/oC-cm
To take into account the electrical contact resistivity, effective electrical 
resistivity was assumed to be 20% higher than what is given above.
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Therefore pn = 1.69, pp = 2.65 and the figure of merit of the couple as given by
(SP- S H?
t (p m V2+(Pp.kpy 12]2
yielded 0.00076 /°C for the given parameter values. The total system 
parameters and the output are calculated for different values of T i, using typical
values for other parameters such as h18 = 17.4 w/m2 <>C, e = 0.3, a = 0.85, r =
0.86, T2 = 573 ° k , I0 = 1000 w/m2, To = 300 °k , C = 1000. For a high 
temperature operation it is assumed that the hot side of the TEG will be 
protected against degradation with multilayer alumina-molybdenum coatings as 
investigated by Schmidt and Park19. The coating has another advantage in that at 
900 °C its absorptivity is around 0.85 where as the emissivity is 0.3.
It is assumed that the collector area would be 400 sq. m, (388 sq m mirror area 
in case of the Big Dish). The efficiency of the steam engine was assumed to be 
0.17 and a fixed loss of 5 kW has been taken into account to calculate the net 
system output and the net system efficiency [K. Inall, personal communication]. 
The net system efficiency is then given by
rjtot.A.Io-5000 
W s t "  A.I0
The obtained results are plotted in Figures 2.6 - 2.8
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Figure 2.6: Plots of efficiencies with temperature. nSys, nTot, nHa and nTeg are 
the net system, total system, heat absorption and TEG efficiencies respectively.
Figure 2.7: Power flows (in watts) at various points in the system for different hot
side temperature.
Figure 2.8: Net System Output in watts.
Figure 2.6 shows r|ha, r|teg, rjtot and r|syst versus the hot side temperature. Fig
2.7 shows the energy flow rate vs temperature at different points and Figure 2.8
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shows the nett output versus temperature on an expanded ordinate scale. The 
nett output and the total system efficiency increase with T i, reach a maximum
around 1463 °K  (1190 °C ) and then decline with the temperature. Thus near 
1463 °K lies the optimal temperature. The TEM constraints, however, do not 
allow us to work above 1000 °C so design hot side temperature of 900 °C seems 
quite reasonable. Heat absorption efficiency decreases from 0.721 at 400 °C to 
0.684 at 900 °C  (1173 °K) where the TEG efficiency will be 0.084.
At 900 °C the nett system efficiency is 0.144. At 400 °C with the Rankine 
cycle engine alone, ie. when the TEG is not used, the total system efficiency = 
*lha*rltr*'ns> i.e. rjtot = 0.75*0.93*0.170 = 0.119 and the nett system efficiency 
risys = (0.119*400*1000 - 5000)/(400*1000) = 0.107. The nett benefit in 
efficiency by using a TEG topping cycle engine is thus 0.037, which is nearly 
35% higher than in the case the TEG not being used. Thus a TEG with Si-Ge 
TEM of proven properties could be used to improve the system efficiency 
substantially.
It should be noted that in reality the thermoelectric properties of a material are 
temperature dependent. As such for a detailed analysis the Seebeck coefficient, 
thermal conductivity and the electrical resistivity should be obtained using 
temperature averaged values over the whole temperature range of operation. 
They are as given by following equations.
Tl
S = /(S n+Sp)d T  /AT 
T2
Tl
kn = /K ndT  /AT 
T2
Tl
kp = /K pdT  /AT 
T2
Tl




rp = JpKpPp dT / Kp AT
T2
Where T l and T2 are the hot and the cold junction temperatures, AT is the 
difference between T i and T2 and p is to account for the resistances of the 
contacts and the electrodes.
Part B - Selection of the Thermoelectric Materials and the methodology for 
further investigation.
Following above analysis in this section the properties of the TEM, the 
theoretical aspects of the ways to optimise the figure of merit and the selection 
of materials have been reviewed. As seen in eqn 3, for optimum efficiency Z 
and T l are inseparable and that the product Z(Ti+T2)/2 should be maximised.
Thus Z should have the highest possible value over as wide a temperature range 
as possible. Thus the selection of materials for TEG involves the search for 
materials for high figure of merit capable of operating over a wide temperature 
range. The equations of performance and the plotted results show that even 
small increase in the figure of merit can produce significant change in the 
efficiency. In addition other mechanical, metallurgical and thermal 
characteristics along with the intended use should be appropriate. Therefore R 
and D efforts on TEMs are first focussed on estimates of Z and the temperature 
ranges of operations.
2.11 Figure of merit
From the expression of Z (= S^/xp) the larger the S larger is the Z. For a metal 
S is generally low because only states near the Fermi energy r| contribute to the 
current. Wiedmann Franz-Lorentz law says that the product K p  is a constant and 
so there is no possibility of improvement.
For semiconductors and insulators S can be much higher than that for metals, 
particularly when the Fermi level lies deep within the forbidden gap.
Using the linearised Boltzmann equation of an electron gas in which electron- 
electron, electron-lattice and electron-impurity interactions are taken into 
account by the introduction of a finite mean-free path, the voltage developed 
across a single conductor could be expressed as S = k/q (A+r|*). Here k is the 
Boltzmann constant and A is the heat of transport. r\* = r| /kT; rj being the
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Fermi level. Physically, the Seebeck coefficient is equal to the flux of entropy 
per unit charge in the material. The term involving the reduced Fermi energy is 
proportional to the potential energy of the charge carriers and the term involving 
A, the average kinetic energy transported. Thus it is easily seen that as q* is 
large S will be large.
The limiting value of S is imposed mainly by the value of the energy gap. As 
the Fermi level in an n-type (say) material approaches the middle of the gap, i.e. 
the material becomes more intrinsic, contributions to S will be made from charge 
carriers in the valance band. If charge carriers of both signs are present 
(electrons and holes) the resulting S is a sum of their relative contributions (Sn 
and Sp) weighted by their contributions to the electrical conductivities (an and
<*p)-
_  (tfn-Sn+tfp.Sp) 
Gn+ap (5)
Since Sn and Sp have opposite signs they are subtractive and hence S will be 
lowered. The magnitude o f the reduction will, o f course, depend also on the 
mobility ratio of the charge carriers in the two bands since this enters into the 
conductivities. Thus high Seebeck coefficients are likely to be found in 
materials having large energy gaps such as insulators, where S value can be 1 
mV or higher. However, the electrical resistivity for insulators are very high and 
so will yield much smaller values of S^/p and hence Z. This is illustrated in 
Figure 2.9.
As is clear from eqn. 5 the presence of charge carriers of opposite sign and 
comparable mobilities can drastically lower the value of the Seebeck coefficient 
and hence the figure of merit. So the semiconductor for TEM are made extrinsic 
such that only one sign for the charge carriers would be applicable.
In a semiconductor the values of the Seebeck coefficient and the electrical 
conductivity are related to one another since they are both functions of the free 
charge carrier concentration. The S decreases while the electrical conductivity 
increases with increasing concentration of charge carriers. This accounts for the 
maximum in the power factor, S^/p when plotted as a function of n (ref. Fig 
2.9). An optimum dopant level of 1019 per cm^ has been found to maximise the 
figure of merit16*
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Figure 2.9: Thermoelectric power (S), electrical power factor (S2a) and electronic 
and lattice thermal conductivities in materials.
2.12 Maximising the Figure of merit
When a difference in temperature is maintained across an n-type semiconductor 
element electrons at the hotter end will have higher kinetic energy and so higher 
speed than those at the colder end. This will lead to a transfer of energy, a 
contribution to thermal conductivity and to a diffusion of electrons towards the 
colder end. Because of this an electromotive force (e.m.f.) will be established 
between the two ends. The e.m.f. will increase until the net flow of electrons 
ceases completely and the Seebeck voltage results. A corresponding description 
can be given for positive carriers (holes) in p-type elements. Thus all of three 
parameters are functions of free charge carrier concentration.
However, there is a possibility of increasing Z (eg. by using solid solutions) 
because of the fact that thermal conductivity due to lattice vibration is dominant 
(nearly 75% in semiconductors even at those high doping levels). If this can be 
reduced without affecting the electronic properties then the total figure of merit 
will be higher. This can be achieved if the material can be made such that the 
long range periodicity of the lattice is maintained while in the short range 
distortion is introduced. The short wavelength phonons will get scattered while
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the order-of magnitude longer wave lengths associated with electrons will not be 
affected. This results in lower thermal conductivity and improved figure of 
merit. The effect is substantial in the case of Si-Ge alloys (see Appendix 4).
2.13 Selection of materials
A large number of materials have been investigated for thermoelectric power 
generation. They include Group V chalcogenides like Bismuth telluride and 
related compounds (lead tellurides, GeTe), Ternary compounds (Silver antimony 
telluride) and these with PbTe etc, Group III - IV compounds (InSb, Boron 
phosphide, InAs (InSb - GaSb), Group IV elements (GeSi), Rare earth 
chalcogenides and, Boron and Boron rich borides (b-boron, Al-G, Boron 
carbide, Boron silicide)17. Works on some new materials (transition metals 
germanides, CrSi2 transition metals bismuthides and antimonides, rare-earth 
metals bismuthides, CrSiGe, IrSb3 etc. are also ongoing20.
Both Ge and Si are classified as wide-band semiconductors. They are amongst 
the best known and most well understood materials having been extensively 
investigated for a number of semiconductor device applications. The high 
melting points (936 °C for Ge and 1420 °C for Si), large energy gaps and good 
chemical stability would suggest that they are suitable candidates for high- 
temperature thermoelectric power generation. However, the lattice thermal 
conductivities are too high (Si 1.5 w/cm/K and Ge 0.6W/cm/K at room 
temperature) and consequently the figures of merit are low.
In Si-Ge alloys due to point defect scattering the lattice thermal conductivity 
reduces significantly21’16. The addition of impurities reduces the thermal 
conductivity more further. The useful range of operating temperatures of Si-Ge 
extends from room temperature to about 1000 °C. Because the conversion 
efficiency of a thermocouple can be approximated by Z ATM, it is apparent that 
the operating temperature range AT is as important to the performance of a 
thermocouple as is the Z of its TEM. Thus generators that use Si-Ge alloys are 
capable o f some what greater performance than those that use other competitive 
candidates like BiTe and PbTe. Furthermore Si-Ge alloys are quite insensitive 
to their operating environment.
BiTe and PbTe are also susceptible to poisoning by oxygen and by many other 
materials. Power generators that use BiTe and PbTe must therefore be 
evacuated and sealed. Also great care must be taken in the selection of contact 
and other materials used inside the generators. In addition to being sealed,
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TEGs that use tellurides are generally back-filled with an inert gas in order to 
minimise sublimation of the TEM when operating near the highest permissible 
operating temperatures.
Oxygen environment has little effect on the properties of Si-Ge alloys since the 
oxide formed on the surface is electrically inert. Generators using this material, 
therefore do not have to be sealed. Operation under a positive inert atmosphere 
is also not necessary because Si-Ge generators are generally not designed for 
operation at temperatures (>1000 °C) at which sublimation presents a problem. 
Also one another special advantage of Si-Ge at high temperature is that even at 
900 °C 17, the ambipolar diffusion and the intrinsic conduction are not of any 
importance. This otherwise would have degraded the Seebeck Coefficient (see 
eqn. 5) and hence the Figure of merit. Considering all these factors silicon­
germanium alloys were selected as the material of choice for further 
experimental investigation.
2.13.1 Further improvement of thermoelectric properties.
Theoretical indication of further reduction in lattice thermal conductivity at high 
temperatures due to phonon boundary scattering22,led many works to consider 
fine grained alloys. Several works further indicated these possibilities23,24,25,26. 
Theoretical predictions of improvements were made for fine grained 
alloys27,28,29. Experiments confirmed the reduction of thermal conductivity (up 
to 50%) but accompanying reduction in the mobility gave in most cases no nett 
improvement in the figure of merit30. However, some workers have always 
found improvement in Z with fine grained alloys31.
Similarly the effect of GaP addition has not been completely understood. 
Several works indicated reduction of thermal conductivity and increased Figure 
of merit with this addition32’33. But some of the results have not been reproduced 
suggesting someone to suspect material parameters changes (eg. dopant 
precipitation) during handling1. It has been also theoretically 
(thermodynamical calculations) suggested that GaP also contributes to 
increased electrical power factor by increasing the solubility of the charge 
carriers34. This might again lead to improved figure of merit. Recently it has 
been found that both MA and gaseous state diffusion can extend the electrical 
activity of P leading to higher integrated power factor35.
Thus in the case of Si-Ge alloys basically two methods are usually employed to 
reduce the lattice thermal conductivity. They are a) the addition of small 
amounts of GaP and b) the use of very small grain size material.
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One another development is the addition of inert particulates36 aimed at 
scattering of intermediate wavelength phonons (as compared to scattering of 
short wavelength phonons by alloying and fine grains). This is done by 
introducing fine randomly distributed dispersion of very small (<100 A) 
particulates (such as aluminium oxide, calcium oxide, boron nitride etc.) into an 
otherwise undisturbed crystal. Using this technique37’38139 Z value in Si-Ge 
alloys have been found to increase up to 10"3-
A detail theoretical study has shown that over the temperature range of 300-1000 
°K, a generator using standard optimally doped and infinitely segmented 
Si70Ge3o material will have a conversion efficiency of 12.1%. If the thermal 
conductivity can be reduced to its minimum values without upsetting electrical 
properties, the efficiency will be raised to a maximum of 23.3%40.
2.14 Methods of Preparation of the Si-Ge alloys
To obtain the physical and electrical properties required it is necessary to 
produce homogeneous, highly doped and high density alloys. Some of the 
methods of preparation are as follows:
2.14.1 Zone levelling:
This consists of melting of narrow zones of a solid alloy bar progressively from 
one end to the other. In the process a zone of liquidus composition is allowed to 
move through the charge material of the corresponding solidus composition. In 
this isothermal solidification process to approach equilibrium conditions, the 
important parameters are the rate of zone travel, the width of the zone and the 
temperature gradient at the liquid/solid interface. The product is a 
poly crystalline material with high density (100% of theoretical) and uniformity. 
But the process is very time consuming requires high investment cost and 
furnishes rod shapes which can not be easily used. Also the product is brittle 
and fracturable. In addition high phosphorous doping levels are difficult to 
achieve.
2.14.2 Deposition technique:
Hermann and Dietz obtained extremely homogeneous and hard mixed crystals 
by the simultaneous thermal decomposition of monosilane and mono-germane 
(SiHCl3 and GeCU) in H2 on carbon rods41. But dopants could not be deposited 
in the required high concentration. Furthermore with the proximity of the
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deposition and melting temperature o f Si-Ge, it was difficult with some 
concentrations to obtain thick rods. Also economic considerations such as yield 
led them not to pursue the matter further than satisfactory production of the 
alloy.
2.14.3 Wacker’s process:
In this process Si-Ge can be produced economically with a homogeneous 
distribution of the dopants over the rod length. The principle consists in 
removing a homogeneous Si-Ge melt containing the dopant in small portions 
and, solidifying it in a crucible. By means of a plug the melt is prevented from 
flowing in an uncontrolled manner. In practice it is important to control exactly 
the melting and solidification process. The solidification o f mixed materials is 
subject not only to the laws of phase equilibrium but also to kinetic conditions. 
Convection and diffusion in the melt are o f great influence. Thus the effective 
distribution coefficient is considerably influenced by the solidification rate at the 
crystallising phase boundary. The product is a continuous solid sample of good 
quality but the ultimate strength is less than that produced by hot pressing.
2.14.4 Hot pressing:
This consists of subjecting the powdered samples to high pressures and 
temperatures for specified amount of times in an evacuated die. Usually the 
powdered samples are prealloyed and made by grinding the vacuum melted and 
casted material or the material produced by zone levelling. The product has the 
best overall combination o f physical and electrical properties. This has been 
considered as the best process as yet and the current research and development 
works on Si-Ge TEM utilise this method for TEM preparation42,43.
2.14.5 Mechanical Alloying
An alternative to grinding cast alloy is Mechanical Alloying. This was 
developed nearly three decades ago to find a way to produce nickel based super 
alloys for gas turbine applications44. This is a milling process of elemental 
powder mixture in a dry, high-energy ball mill, where local welding/alloying 
takes place at overall room temperature. The product is a very homogeneous fine 
grain alloy. The MA powder process is only a part of the technology needed to 
produce commercially useful materials45. The powders must be consolidated and 
worked to achieve product forms with desired shape and properties. The full 
process for the mechanical alloying of materials, therefore, includes the
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conversion of a powder to a wrought product using powder technology, 
extrusion, hot and/or cold working and annealing.
Mechanical alloying of Si-Ge solid solution was first reported by Davies et. al 
(1988)4 in an attempt to detail mechanical alloying of brittle-brittle systems. 
During DECEC89 (Intersociety Energy Conversion Engineering Conference), 
Cook et al46 reported their studies on mechanically alloyed and hot pressed Si-Ge 
thermoelements. Recently MA and iso-static hot pressing have been used to 
produce improved n-type Si-Ge alloys47.
Above works used Spex 8000 vibration shaker type mill which operates shaking 
the vial in a complex 3 dimensional precision type of motion at approximately 
1200 rpm. Consolidation o f the powder was done by vacuum hot pressing at 
temperatures ranging from 950 °C to 1100 °C and at vacuum level of 1*10"8 torr 
with pressures from 138 to 165 MPa. Samples obtained were typically 95 to 98 
% o f the theoretical density. With mechanical alloying some of the problems 
inherent to other techniques for producing fine grained and homogeneous alloy 
powder are eliminated. For example because of the wide separation between 
solidus and liquidus in the Si-Ge phase diagram there is a tendency of 
inhomogeneity to be produced in the cast alloy. Also the process of grinding the 
cast material is difficult and time consuming. These problems do not occur in 
mechanical alloying and as such it seems this may be a far easier method for Si- 
Ge TEM preparation.
2.15 Selection of the method for further investigation.
From above it is clear that for low cost TEM preparation, the method based on 
MA and hot pressing seems promising. Fortunately an improved MA 
technology was available at the ANU. The technology was proven to be capable 
o f producing many novel and unique alloys with improved properties. Unlike 
other MA techniques which use random motions of balls for high energy 
milling, this method uses controlled ball movement which results in a better 
solid solution with finely controlled grain sizes.
Several reported studies indicate a significant effect of milling parameters on 
mechanical alloying48. Maurice and Courtney based on Hertizian impact theory 
have modelled MA. They could estimate several MA parameters by knowing 
pre-impact velocity of the balls and the volume of the impacted powder 
aggregate49. While studying MA of Fe-Zr system Burgio and co-workers also 
found that end products strongly depend on milling conditions50. Considering
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these factors the controlled milling technique can be expected to be extremely 
useful in optimising parameters to achieve desired results during MA.
Regarding compacting process suitable hot pressing facilities were not available. 
However, as the vacuum hot pressing process is slow and expensive51 it may not 
be desirable either if an appropriate method o f consolidating could be developed. 
For special applications (eg. for space applications) extreme reliability, very 
long life, high power output/Kg would be the main constraints where as for the 
anticipated objective above factors could even be traded off with the cost of 
production (one of the major constraints). Taking above considerations into 
account an alternative method of consolidation, vacuum pressing followed by 
pressure assisted sintering (PAS) was selected. This method is similar to the 
method used by Takeshita et al52. These workers used PAS in vacuum to 
compact y-phase lanthanum sesquisulphide solution (y-LaSy) alloys and obtained 
a density greater than 97% of the theoretical density.
Thus the final method selected for the TEM preparation is the ANU’s unique 
MA method followed by pressing, PAS and annealing in a sequence. The 
pressing and the PAS equipment were specially developed for this purpose. It is 
believed that this method would be much more easier to automate for mass 
production purposes than the alternative techniques. Subsequent chapters 
explain the details of analytical as well as the experimental works performed.
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CHAPTER 3
PREPARATION OF SI-GE TEM
3.1 Introduction
The procedure used for making thermoelectric element can be divided into four 
stages. The first two stages consists o f processing the elemental mixture at room 
temperature and in the other stages the resulting material is heat treated to obtain 
the final product. This chapter explains the work performed during the first two 
stages and the later two stages are the subject of the next chapter. As previously 
mentioned the first stage consists of producing very homogeneous Si-Ge alloys 
using the controlled mechanical alloying technique. The second stage is the 
green pressing of the powder into a pellet. The first part of this chapter is 
devoted to MA and the Second part to the green pressing.
Part A - Mechanical alloying and production of very homogeneous Si-Ge 
alloys
3.2 Background
Usual method of alloying is to heat the elemental powder mixture and melt them 
to make a solution. During a typical operation the molten mixture is stirred well 
and then the melt is allowed to cool. In the course of cooling if one constituent 
has a higher melting point than the others it will solidify earlier and the 
inhomogeneity will be produced. This is true for Si-Ge alloys because Si has a 
melting point of 1420 °C as compared to 930 °C for Ge. For some 
combinations which resist such alloying metallurgists have used the mechanical 
blending of powders, for example mixing powdered tungsten carbide with 
powdered cobalt. The mixed powders are formed into a solid metal by the 
application of high pressure and heat. These can be performed either by hot 
pressing or by cold pressing and sintering.
In the case of mixing o f  the powders the degree of homogeneity in the final 
product is limited by the size of the particles in the powders. One way to make 
fine powder is to grind coarse powder in a ball mill. But always there is a limit 
to the fineness of the powder that can be obtained in this way, because the 
particles begin to weld together as the milling continues. Sometimes lubricants 
are used to prevent this. But they may contaminate the powders and degrade the
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alloy made from them. Another serious limitation on fine grinding is the 
tendency of fine powders to get oxidised and also to get burnt spontaneously.
Mechanical alloying was first developed in late 1960s by INCO’s Paul D. Marica 
Research Laboratory for gas turbine application in an effort to overcome above 
limitations53. This was pursued to find a way to combine oxide dispersion 
strengthening with gamma prime precipitation hardening in nickel based 
superalloys. It consists of high energy milling of the powders where the 
elemental powder particles are repeatedly flattened, fractured and rewelded. 
Every time balls collide and trap the particles between them the force of the 
impact deforms the particle and creates atomically clean new surfaces. When 
the clean surfaces come together next time they weld together. Since such 
surfaces readily oxidise the milling operation is usually conducted in an 
atmosphere of inert gas.
3.3 Structural changes during MA
At early stages in the process the metal powders are rather soft and the tendency 
to weld together to larger particles predominates. A broad range of particle size 
develops. As the process continues the particles get harder and their ability to 
withstand deformation without fracturing decreases. In time the tendency to 
weld and the tendency to fracture come into balance. Finally the size of the 
particle becomes constant within a narrow range.
The formed composite particles have characteristic layered structure. When 
welding and fracturing balance occurs particle size does not change. But it is 
refined. Particle layer thickness reduces but number of layers in the particles 
increases. After a long period of processing, rate of refinement decreases 
because the particles are exceedingly hard which is a result of the accumulation 
of strain energy. Eventually a constant value called the saturation hardness is 
attained.
In the course of grinding process, the balls become coated with a layer of the 
materials in the mixture. This layer and the free powder that is trapped in 
collision absorb most of the energy when the balls collide. So the contamination 
from steel ball materials are surprisingly small.
3.4 Theory of MA
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In mechanical alloying soft ductile metals have a tendency to coat and surround 
hard brittle materials. In general softer material tends to form the matrix and the 
harder materials disperse within it. The physical process occurring is not, as yet, 
completely understood. Many theoretical exercises have been done and have 
been related to experimental results. For systems where one of the element is 
ductile or in systems where lamellar structure develops during mechanical 
alloying, the theories do give some insights of the physical processes occurring 
and agree with the experimental results.
Some of the approaches investigated are, the accumulation of the strain energy 
until fracture occurs, temperature enhanced diffusion, etc. For brittle materials, 
however, the theories do not quite explain the experimental results. For 
example, for the Si-Ge solid solution alloys made by mechanical alloying some 
workers have found that the responsible process is the solid state diffusion of Ge 
with harder Si54. Other people could successfully explain the alloying process 
using a model based on the superposition of the different diffusion processes55. 
Among the suggested theories the two possibilities are
• Diffusion across interface when temperature is increased.
• Shearing of material from one and incorporating in the other.
Thus if two metals will form a solid solution the mechanical alloying process 
can in fact be used to accomplish this end without resorting to very high 
temperatures. On the other hand, if the two metals are insoluble in the solid 
state (as in the case with iron and copper), an extremely fine dispersion of one of 
the metals in the other can be achieved.
3.5 Ball mill for mechanical alloying
A conventional ball mill consists of a rotating horizontal drum half filled with 
small steel balls. As the drum rotates, the balls drop on the metal powder that is 
being ground; the rate of grinding increases with the speed of rotation. At high 
speeds, however, the centrifugal force acting on the steel balls exceeds the force 
of gravity and, the balls are pinned to the wall of the drum. At this point the 
grinding action stops. Against this, the mill for mechanical alloying is quite 
different. There are three common types of mill available for mechanical 
alloying as given below.
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3.5.1 A ttritor type
A ball mill such as Szegvari attritor capable of generating higher energies 
consists of a stationary vertical drum with a series of impellers inside it. A 
powerful motor rotates the impellers which are radiating from a central rotating 
shaft, which in turn agitate the steel balls in the drum. Such a machine can 
achieve grinding rates more than 10 times higher than those typical of a 
conventional mill. Still higher grinding rates can be achieved on a small scale 
with a high-speed shaker ball mill. Such a mill produces only a few grams of 
powder, but it is a useful tool for testing new processes (Figure 3.1).
(a) ATTRITOR (b) VIBRATORY MILL (c) HORIZONTAL BALL MILL
Figure: 3.1 Figure 3.2 Figure 3.3
3.5.2 V ibratory type Mill (SPEX mixer/mill model 8000)
This is a vibratory shaker type mill (Figure 3.2). This machine can produce 
small quantities o f mechanically alloyed powder in relatively short times 
(typically, in less than an hour). In this system, the ball and powder charges are 
placed in a small vial which is agitated at a high frequency in a complex cycle 
which involves motion in three orthogonal directions. But the amplitude of the 
motion is greatest in one direction.
3.5.3 Horizontal ball mill
This is a conventional type of ball mill where the powder and ball (long rods are 
sometimes used) charges are placed in a large (>1 m in diameter) drum. The 
drum is rotated about its central horizontal axis at a speed just below the critical 
speed that would pin the balls to the internal walls of the drum. Mills of this
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nature are used to produce large volumes of powder, but the processing times are 
typically long (on the order of days or more) (Figure 3.3)56.
3.6 ASI Uni-Ball Mill for MA
Australian Scientific Instruments' unique ball mill developed for the controlled 
mechanical alloying at the Dept, of EME, RSPhysSE, in the ANU, has been 
used in this investigation. As mentioned before it is characterised by 
unprecedented control of the milling parameters and has enabled the synthesis of 
a large variety of entirely new alloys and composites. This method57’58 has been 
proven to be successful in synthesising several novel alloys, some times the first 
ever made. Examples include amorphous (Mg-Zn59, Ti-Si60, Fe50B5061) and 
crystalline compounds AlPd62, A13Pd5 and, high melting point alloys (crystalline 
TiB263 and vanadium carbides64). Also many metal nitrides have been 
synthesised by milling metals in an ammonia environment. By providing a 
method of controlling milling parameters it opens up entirely new areas of 
materials research. The Uni ball mill is as illustrated by the photographs in 
Figure 3.4.
Unique milling chamber and magnet assembly Microcontroller unit provides full parameter control
Figure 3.4: ASI uni Bali Mill
As compared to uncontrolled chaotic ball motion in the conventional mechanical 
alloying methods, this unique method is substantially different from the above in 
that here the movement of the balls are controlled. This controls the energy 
during impact. And varying this, the reaction can be controlled to suit a
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particular alloy so that a better controlled properties would be observed. This is 
done by using an external magnetic field.
The ball mill consists o f a few hardened iron balls in a stainless steel planer type 
cell. During milling the balls are confined to the vertical plane by the cell walls 
and are under the influence o f the external magnetic field. The intensity and 
direction of the magnetic field can be adjusted to restrict and control the 
movement of the ball during milling. By suitably adjusting the magnetic field 
the ball trajectories, impact energy and the shearing energy can be varied.
3.7 Patterns of ball movement
In the following paragraphs the milling mechanism is briefly described. The 
details of the milling process in the ASI ball mill has been described in the 
reference58*
Typically there are three general patterns of ball movement that can be achieved 
using this device (see Figure 3.5). In Fig 3.5 (A), the magnetic field holds the 
balls in the bottom part o f the cell rotating with a frequency coc- Friction causes 
the balls to rotate in the same direction with the frequency cob = mcR/r, where R 
is radius of the cell and r is the radius o f the ball. Periodically, the outer ball on 
the right-hand side gets released, completes most of the circle being pushed 
against the cell wall by the centrifugal force and, hits the left most ball at the 
bottom, in this mode o f operation the powder is worked both by impact and by 
shearing. The balls may be confined to the bottom part o f the cell for all time 
either by increasing the intensity of magnetic field or decreasing the frequency 
coc* This is illustrated in Figure 3.5 (B). In this mode, the balls both rotate and
oscillate around the equilibrium position at the bottom and the powder is worked 
mostly shearing.
Figure 3.5 (E) illustrates the third case, where the ball movement caused by the 
centrifugal force can be halted in two opposite positions, at the lowest and the 
highest point inside the cell. The ball trapped by the magnetic attraction in the 
upper position rotates with the frequency mb and can be released to fall vertically 
on top o f one of the bottom balls. The two colliding balls rotate in the opposite 
directions which results in a combination of shearing and uniaxial pressure at the 
surface of contact. Also by changing the cell rotation frequency mc and the
position of the magnets (Figure 3.5 C-D), some more variations can be realised.
kamalAryal 48
Figure 3.5: Milling mechanisms in the ASI uni ball mill
3.8 Brief comparison of the performance with commercial techniques
A comparison of the performance with other commercial type devices as 
detailed in the above reference shows that the energy released per impact in our 
mill is similar to that characteristic o f other devices. A feature unique to this 
design, however, is the specific ball movement pattern. In every mode of 
operation this pattern is well defined and highly reproducible. This contrasts 
with the chaotic and unpredicted ball movement characteristic of the other ball 
milling devices. The trajectories of the balls are highly regular leading to the 
narrow distribution of milling energy. This results in an extended solubility 
range and improved homogeneity in the final product.
3.9 Selection of m aterial composition
Significant R and D efforts on Si-Ge alloys have happened from 1960's to the 
present time. Earlier it was found by some researchers that SiGeGaPP and 
SiGeGaPB would give enhanced properties. There were many works which 
suggested that fine grains also gave improved properties. Some researchers later 
reported that the improved properties in case of GaP mixed Si-Ge alloys could 
not be reproduced.
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Because of the time limitation of this work, as regards the composition of the 
alloys to be selected, initially, it was decided that the best material’s composition 
from previously reported works be selected. Accordingly at first SiGeGaPP was 
selected. The composition was selected such that it would be similar to the 
reported composition in the literature. Consequently the composition used at 
first was Sio.747,Geo.i87>^a0.016 m<̂  ^0.05. However later on some papers
reported that the observed improvement with GaP can be attributed to suspected 
measurement errors1. It should be noted that there are many precautions to be 
taken while measuring thermoelectric properties that it is very easy to overlook 
some of them (see section 5.2).
Since the present attempt is to prepare a TEM using a new technique the priority 
was given to this objective and the compositions investigated for later 
experiments avoided GaP.
3.10 MA experiments
For the experiments, the starting materials were Si (99.99% pure), Ge (99.999% 
pure) as stated by the manufacturer. B and P amount were selected such that 
there would be a sufficient number o f charge carriers. They were powdered 
either by simply grinding in a mortar or ball milling for a short duration in high 
purity Argon. The intended compositions were converted to wt%. The required 
amounts were measured in a balance with 0.1 mg resolution or in an electronic 
balance with 1 mg resolution with an expected (mean) error of 0.05 mg in the 
former case and 0.5 mg in the later case. A typical measurement of the 
elemental materials and the intended compositions are illustrated in Table 3.1 
below. In any case the expected charge carrier concentration is very high. 
Usually in a TEM the amount of dopants is above its solubility limit so that 
more charge carriers would be produced in normal operation at higher 
temperatures giving increased electrical properties.
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Table 3.1: An example of estimates of the composition and the theoretical density
of the prepared Si-Ge alloys
a) Intended compositions.
Si Ge B Total
Desired atomic fraction 0.7902 0.1977 0.0121
Atomic weight 28.086 72.59 10.81
Relative weight 22.193557 14.35104 0.130801 36.6754012
Weight fraction 0.605137 0.391299 0.003566 1
Total desired weight 7 gms
Weight of each 
component
4.235943 2.739092 0.024965
No. of Moles 0.15082 0.037734 0.002309
No. of atoms 9.08319E+22 2.27E+22 1.39E+21
b) Measured values and estimates
Measured weight 4.245 2.745 0.025 7.015
Density each 2.33 5.33 2.34
Volume each 1.821888 0.515009 0.010684 2.347582
Weight fraction measured 0.60513186 0.391304 0.003564 1
Relative atomic fraction 0.021545676 0.005391 0.00033 0.027265961
Atomic fraction used 0.790204167 0.197705 0.012091 1
Mole each used 0.151142918 0.037815 0.002313
Atoms each used 9.10261E+22 2.28E+22 1.39E+21 1.15193E+23
Volume/gm 0.259713245 0.073415 0.001523 0.334651683
Net theoretical density (gm/cc) 2.988181599
3.11 Experimental procedure
The required amounts o f them are weighed to give a desired composition. They 
are put in the ball mill (Usually 5 gm is used for milling). Then He or Argon gas 
is introduced in the ball mill. Usually, a sequence of 3 or more evacuation and 
He-filling is done to make sure that the amount of air inside the vial is very 
small. This can be understood clearly as explained below.
Using the ideal65 gas law
PV=nRT
Where P is the pressure, V the volume, T the temperature and n is the no. of 
moles.
kamalAryal 51
When we denote the two stages, before and after a sequence of vacuum creating 
to say (10-3 torr.) and He-gas filling, by 1 and 2 it can be written that
P lV l= n iR T i
P2V2=n2RT2
As Vi=V2 and T i =T2, we get
n2/ni=P2/Pl
P2
n2 = n i.p ^
Thus after creating vacuum (say 10“3 torr.) for the first time, the air (eg. the no. 
of oxygen molecules) inside, can be estimated as 10-3/760 of the original 
amount of moles of air. When Helium (He)-gas is filled up to the original 
atmospheric pressure the gas inside contains mostly He and the about 1(H> of the 
original amount of air. Similarly when the next time the vacuum is created to 
10“3 torr. the air would be diluted by nearly 10" 12 and so on. Thus after the 
fourth sequence the air gets extremely diluted. This was performed to prevent 
oxidation environment in the ball mill during milling.
3.12 Milling
After introducing the He-gas the vial, usually with 4 hardened balls, is put in the 
set-up where it can be rotated using electric motor in the required magnetic field. 
The speed of the motor and the position of the field are adjusted to control the 
reaction. For Si-Ge alloys high energy mode of the milling was used.
After a period of time a small quantity of powder is removed from the Vial for 
X-ray diffraction determination of the lattice parameter of the two major 
components Si and Ge. A powder diffractometer with Co-ka radiation was used
for the purpose.
3.13 Characterisation using the X-ray powder diffractometer
Since the X-ray powder diffractometer works on the principle of Bragg's law the 
reflection of a X-ray from the sample occurs only at those angles where 
scattering from successive lattice planes is in phase. This requires the path
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difference to be an integral multiple 'n' o f the wavelength of the characteristic 
line x-rays from the x-ray tube. So, in powder diffraction, to obtain the correct 
values o f the relative intensities of all the possible lattice planes the specimen 
must contain a large number of small randomly oriented crystallites.
The powder pattern is a set of reflections in which the lattice spacings and the 
relative intensities are unique for each crystalline substance. It is this property 
that makes it possible to identify a substance by comparing its pattern with that 
o f  a known substance. Similar crystal structure give similar X-ray patterns (eg. 
diamond, Si, Ge and Si-Ge solid solution) in which the peak positions will be 
shifted if  the materials have different lattice parameters.
By using this method and a knowledge o f the crystal structure of the material 
concerned several types o f information can be obtained regarding the material. 
These include; a) identification and quantification of crystalline phases, b) 
distinguishing various types of mixtures, solid solutions and polymorphous, 
amorphous and crystalline states, c) precision measurement of lattice parameters 
and thermal expansion, d) determination o f the degree of preferred orientation 
and crystalline texture, e) measurement o f certain physical characteristics like 
crystallite sizes, strain, perfection, lattice disorder and damage and, f) 
determination of phases and properties as a function o f specimen environment66.
The diffraction patterns were taken with a Phillip’s parafocussing goniometer in 
a high resolution mode, connected with a highly stabilised generator working at 
a power of 12 kW. The selected angular ranges were repeatedly scanned in the 
0:20 mode until reaching a satisfactory signal-to-noise ratio.
The position of the peaks corresponding to Si, Ge & Si-Ge solid solution are to 
be identified. Figure 3.6 (A) shows the x-ray diffraction pattern after 2 hours of 
milling. The Si and Ge peaks are clearly visible and there is no indication o f the 
solid solution. In Figure 3.6 (B), the diffraction pattern after milling for 100 






Figure 3.6 (A-D): X-ray diffraction patterns at the various stages of processing; 
(A) initial, (B) after 100 hours of milling (c) after 200 hours of milling and (d) after 
200 hrs of milling and annealing at 900 °C.
After 200 hours of milling, the structure of the x-ray diffraction pattern is 
converged showing that the powder is completely alloyed. It is known that in a 
powder pattern the nodes of the reciprocal lattice (peak profiles) are broadened, 
apart from instrumental sources, essentially by two terms; the very small crystal 
size and the high lattice disorder. The broad diffraction indicated the existence 
of such a morphology. This was the first indication that the grain sizes obtained 
are very small (Fig 3.6 (C)).
A little sample was annealed in vacuum, at 900 degree C for 20 hours to obtain a 
little grain growth. The x-ray diffraction pattern as seen, in Fig 3.6 (D) clearly 
shows that the sample is a Si-Ge solid solution alloy.
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3.14 SEM/EDXS experiments
As is usually advisable66 the samples were further analysed with a scanning 
electron microscope with attached energy dispersive x-ray spectrometer in order 
to supplement above information. This also assists in revealing the particle size 
and morphology.
The basic principle of a SEM is to scan a specimen with a finely focused 
electron beam of kV energy. An image is formed by scanning a cathode-ray 
tube in synchronism with the beam. In this way, an image is built up point-by­
point which shows the variations in the generation and collection efficiency of 
the chosen signal at different points on the specimen. Unlike TEM there is no 
need to refocus the signal-carrying particles generated in the specimen. This 
makes it possible to examine rough, solid specimens with a minimum of 
specimen preparation. By using different conditions and specimens, it is 
possible to obtain images showing the surface topography, average atomic 
number, surface potential distribution, magnetic domains, crystal orientation and 
crystal defects in a solid specimen.
The beam current I in the SEM is typically 10" 12-io~7 Amps with an energy of 
5-50 keV. The electron penetration depth is typically of the order o f a 
micrometer and the beam diameter 10-100 nm. In some cases, the resolution 
attainable is limited directly by the electron penetration depth, whereas in other 
cases a more favourable resolution can be obtained.
The signals from the specimen include secondary and backscattered electrons. 
Secondary electrons are excited within 10 nm of the surface and are used to 
show the surface topography of the sample. Backscattered electrons basically 
depend upon the atomic number of the specimen and leave the specimen with a 
appreciable fraction of the primary-beam energy. The backscattered electrons 
can be used to assess the homogeneity of the sample. Besides these other 
signals include elastically scattered electrons, Low-loss electrons, Auger 
electrons, cathodoluminescence, characteristic x-ray and the continuum x-ray 
spectrum (or bremsstrahlung). The characteristic X-rays vary in a predictable 
and systematic way according to the atomic number of the element of origin and 
are used for the elemental analysis of the specimen using the Energy Dispersive 
X-ray Analysis (EDXA).
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During the period of this work two types of SEM/EDXA systems were used: 
Cambridge 360 and Joel 6400. In the SEMs the sample can be viewed at various 
magnifications. And the EDXS can be used to scan a part or the whole of the 
screen for X-ray identification of the presence of various elements. The relative 
amount o f each of the elements produces respective peaks on the EDXS screen. 
By observing the peaks of each elements mainly Si,Ge, P...etc at various 
locations the uniformity of the sample was further confirmed. The two hundred 
hours milled sample was very homogeneous. A typical feature is as shown in 
the Figure 3.7 (A) and 3.7 (B) where 3.7 (A) is the EDXS scanned for a whole 





















Figure 3.7: EDXA of the 200 hours milled sample 
(A) EDXS scanned whole frame 
(B) EDXS for one spot in the frame.
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The examination of the samples in the backscattered mode also suggested 
homogeneity of the sample. Photos in Figure 3.8 (A and B) show the SEM 
micrographs of a typical 200 hours milled Si-Ge alloy in SE mode and 
backscattered electron mode respectively. It is seen clearly that there is no 
appreciable image contrast in the later mode. The visible contrast can be 
attributed to the topographical feature as shown by the photo for the SE mode.
Figure 3.8: SEM micrographs of a 200 hours milled sample 
(A) using Secondary electron scanning.
(B) using Backscattered electron scanning.
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The SEM was also used to estimate the particle sizes. A typical high resolution 
picture is shown in Figure 3.9. The particular sample was annealed at 900 °C for 
20 hours which gave the particles a round geometry. From the photograph it is 
clear that the particles have average sizes of around 200-300 nm even after 
annealing.
Figure 3.9: SEM micrographs of a 200 hrs milled sample after 20 hours of
annealing at 900 °C.
Thus with this method a very homogeneous and small grainsize (sub-micron) 
uniform particle size Si-Ge alloy powder could be produced. These are among 
the major microstructural characteristics sought in a Si-Ge TEM.
P art B - Compacting of the powder into a pellet
After getting the Si-Ge alloy powders having desirable properties, the next step 
was to shape the powder into a required form and to bond the particles into a 
useful thermoelement. Generally the shaping operation impacts only sufficient 
strength to facilitate handling of the component. The real bonding occurs during 
sintering and subsequent annealing operation after which the thermoelement will
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get all necessary physical and electrical properties51. In this section the former 
operation has been discussed leaving the sintering operation for the next chapter.
For green pressing of the Si-Ge alloy powders a pressing equipment was 
designed and built. After initial few experiments the die and the accessory 
system were modified slightly and finally a procedure was established. 
Following paragraphs briefly discuss the various pressing procedures as well as 
some backgrounds of physics and technology of pressing. These were 
considered and taken into account when designing the pressing equipment and 
the procedure selected. Later the actual design, the experiments performed and 
the results obtained are presented.
There are various methods in the powder metallurgical literature developed for 
particle compaction eg. cold pressing, vibratory compacting, cyclic compacting, 
powder rolling, isostatic pressing, explosive forming with binders etc. Similarly 
there are various presses available for compaction67’68. Their designs consider 
compact size and shape, material compaction characteristics, molding rate, 
product density and powder abrasiveness. The compacting force is applied by 
mechanical, hydraulic or pneumatic means and, sometimes by a combination of 
these. The force can also be applied repeatedly in some designs, in this way 
overcoming rheological resistance to flow. The method which is most widely 
used and easily automated, the cold pressing in metal dies69, has been used for 
this work. The force used is of haudraulic type.
3.15 Basic processes in cold pressing
In cold pressing, the powder to be compacted is placed in a die. The pressure is 
applied through plungers to the powder. Before applying the pressure the 
powder will take on a density which to a large extent is a function of the powder 
itself eg. particle size distribution, presence of lubricants, particle shape. The 
shape of the die and the manner of filling also have some effects. When the first 
slight pressure is applied by the punch or punches the first densification occurs 
by movement of particles to provide a better packing density. The extent to 
which this occurs again depends upon the above mentioned factors.
Fine powders having poor flow properties are liable to form bridges and the first 
slight pressure will tend to cause their collapse. The inter-particle movement 
causes abrasion of the surface films (oxide, adsorbed water vapour, co2, etc) 
which are present on almost all particles. These films must be removed before 
direct metal contact can take place. While increasing pressure tends to break up
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the films which are usually more brittle than the underlying metal. The initial 
areas of contact between particles are so small that even at very low punch loads 
pressures on these areas are high which means that surface films on these areas 
of contact are soon broken.
When metal-to-metal contact is established "cold welding", the adhesion 
between two intimately contacted clean surfaces takes place. The compact 
begins to gain some strength although it is unlikely that this initial bonding 
would stand the stresses o f ejection from the die. Further pressure causes plastic 
deformation of the particles, extend the areas of contact and increase strength as 
well as density. A typical plot of pressing load against density is as shown in 
Figure 3.10.
Figure 3.10: A typical plot of pressing load against density.
3.15.1 Frictional force and the density distribution in the compact
Because of the frictional forces between the powder and the die wall, density 
distribution in the compact will not be uniform. The density decreases with 
increasing distance from the punch face and there is also a density distribution in 
the horizontal plane due to frictional effect dropping-off away from the die wall. 
It is apparent that with increasing length to cross-section ratio it becomes 
increasingly difficult to density the lower end of the compact. This situation can 
be improved by using double-ended pressing in which the length to cross-section 
ratio is effectively halved. Figures 3.11 show typical density distribution for the 
above two cases.
The pressure transmission will be improved by using a lubricant. Many workers 
have shown that the application of a lubricant to the die walls is as effective in 
improving green density as is the admixture of lubricant with the powder. This 
implies that interparticle movement is not always a major mechanism in 
densification. The later method has both advantages and disadvantages. Even 
though in commercial practice this is usually adopted, in this study the former 
method has been used so as to minimise the contamination of the samples (see 
section 3.17).
3.15.2 Radial pressure and the tendency to crack during ejection
One of the important factors to consider during the designing of the pressing 
equipment and the associated system is the extrusion of the compact after being 
pressed. A powder mass does not behave like a true fluid in that the applied 
pressure is not transmitted uniformly throughout the compact. Besides the 
effects on density as discussed above this also affects the radial pressure 
transmitted to the die walls. The stress distribution within the compact is quite 
complex.
Some theoretical and experimental work has shown that the ratio of Pr/Pa (radial
pressure/applied pressure ) can reach quite high values and in some instances 
approaches unity. Thus it is apparent that Pr/Pa increases with increasing
density, i.e as compaction proceeds the percentage of the applied load 
transmitted to the die walls increases. The radial pressure developed leads to 
elastic deformation of the die and the compact, while the compact also deforms 
plastically (in most cases).
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When the punch load is released the elastic deformations will try to recover and 
it is likely that the radial elastic contraction of the compact will be less than that 
o f the die, since some of the compact expansion is due to plastic deformation. 
Because o f this the die grips the compact tightly which inhibits the axial elastic 
expansion o f the compact and gives rise to following effects.
1 A definite pressure is needed to eject the compact from the die.
2 Radial and axial expansions of the compact occur as it is ejected.
Such expansions must be allowed for when die dimensions and punch 
movements are determined. Elastic expansion on ejection can lead to cracking 
o f the compact if the release of stresses and the sudden expansion break the 
interparticle bonds. When cracking occurs in ductile metals, it generally takes 
the form o f laminations parallel to the punch faces.
Brittle materials are prone to a particular form of cracking, sometimes called 
"Capping". Capping takes the form of a ‘cone’ shaped piece of the compact 
which breaks away as shown in Figure 3.12.
Figure 3.12: Illustration of capping phenomena.
This type o f cracking is due to the centre of the compact being relatively free to 
expand axially, while expansion of the outer portions is restricted by die-wall 
friction. Lubricants may aggravate cracking tendencies, because they have a 
large volume expansion on release of pressure and they also lower compact 
strength. However, they lower die-wall friction and so tend to reduce internal 
stresses.
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Powder blends containing large percentages of fine particles are more prone to 
the defect, probably due to the large volume of air entrapped in them. Pressing 
cracks may be minimised and ejection made easier by incorporating a slight 
taper in the die mouth so that the elastic expansion takes place progressively. 
Also any thing which increases green strength minimises this type of cracking51.
3.16 Description of the pressing apparatus used
The main pressing equipment used for green pressing consists of a die and the 
two plungers which are used to press the powders inside the die to make a 
compact of 1 cm diameter. The material for the die was the oil hardened, 
dimensionally stable tool steel made from BOHLER Grade K720 with 
achievable hardness 63 to 65 HRC.
On one end of the die rests the vacuum sleeve with an O ring and on the other 
side there is an end plate with an O ring attached with the plunger and the die. 
On the other side o f the vacuum sleeve is an another end plate with an O ring 
attaching the vacuum sleeve and the plunger, the plates and the vacuum seal are 
made of brass. Three small hexagonal screws on the end plate attaches it with 
the vacuum sleeve. Three long screws on the other end plate attach it with the 
vacuum sleeve and put together the whole equipment in a form of one piece 
block.
The seats for the O rings on the brass plate are designed in such a way that when 
the screws are tightened up they will be vacuum tight. This was done with a 
tapering in the brass plates at an angle of 45° (see Figure 3.13). The O ring 
inside the vacuum sleeve sits on a circular groove of square cross section. Every 
time the equipment is assembled for pressing in vacuum a vacuum grease was 
applied on the O rings to make sure that there is no vacuum leaks.
Figure 3.13: The pressing equipment: (A) Top brass end plate, (B) Brass sleeve 
with the vacuum inlet hole and the die, (the ‘O’ ring which seals the die and the 
sleeve is as shown) (C) the brass bottom end plate and (D) the top and the bottom 
plungers. During the assembly three short brass screws connect the top end plate 
with the sleeve and three long brass screws connect the bottom end plate with the
sleeve.
Far ends o f the plungers have a larger diameter than the die so that any of the 
two plungers would not be able to go through the die completely. Below, it is 
mentioned that a double action pressing operation could be achieved from this 
arrangement by putting a small strong spring between this part of the bottom 
plunger and the die. The vacuum seal has been designed in such a way that 
vacuum can be continuously introduced in the die through a vacuum pipe 
attached in the sleeve hole as shown in Figure 3.13.
Besides this there are other equipments and materials used during a typical 
pressing operation. They are as given below:
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1. An ultrasonic bath where the powder particles can be ultrasonically shaken 
before pressing.
2. A Dynavec high vacuum station with inlet water pipe and outlet water pipe for
cooling water for the diffusion pump. The vacuum obtainable is better than 
10-4 Torr.
3. A hydraulic press which is used to apply the required amount of pressure 
force (capable of applying up to 15 tons). One pair o f steel tool to ease the 
ejection of the compact after pressing and to minimise the cracks during 
ejection.
4. An electronic balance with resolution of 0.001 gm.
5. Teflon spray used to lubricate the die wall.
3.17 Pressing procedure used
SiGe thermoelectric materials are meant for operation in air. However the 
contaminants in particular O2, present due to air entrapped or other phenomena, 
might have deleterious effect. As such cleanliness in all stages of processing is 
vital. The die is cleaned. The alloy powder obtained from milling is weighed to 
give 0.47 (approximately) gm in order to get a pellet of 2 mm thick and 10 mm 
diameter.
During first few attempts for pressing it was observed that the pellet would not 
come out easily. When a pressure was applied, which some times was 
significant (4 tons) the pellet would then break. The resulting material was thin, 
flat shaped material plus some powder. Also the die grip (see section. 3.15) was 
noticeable. In later experiments, inside the die wall at first a lubricating agent 
(Teflon spray) is applied in order to minimise the radial pressure/applied 
pressure and also to reduce cracking during ejection. Then the powder is 
carefully poured in the clean die. The pressing equipment is assembled with a 
strong spring in between the die and the bottom plunger as mentioned above to 
make the die floating which would basically give a double action arrangement.
For avoiding vacuum-leakage vacuum grease is applied as required on the 3 'O' 
rings. A filter paper is placed on the vacuum pipe connection in order not to 
suck the powder to the vacuum station. The vacuum is introduced and the whole 
equipment is placed in the ultrasonic bath for times ranging from 30 minutes to 2
kamalAryal 65
hours. Then this is transferred while maintaining the vacuum, to the hydraulic 
press. The pressing operation is carried out using a force typically of 5 tons on 
the plunger. The vacuum level better than 1 (H  torr is used. The pressing 
operation is continued for a period ranging from 15 minutes to 2 hours.
At first the extrusion of the pressed pellet was a problem. Most of the time still 
the pellet would not come out and some force had to be applied. When the 
pellet is out either it would have some cracks or it would split into few flat 
pieces. This was still attributed to die gripping and a sudden expansion of the 
pellet when it is released from the grip. So in later experiments it was decided to 
free the pellet from the die from the radial grip without letting it expand 
significantly in the axial direction. For this, a pair of special steel tool was made 
to move the die relative to the plungers (hence the pellet).
For extrusion, first the pressure is very slowly released but kept at a very low 
value. Then using the special tool the die is lifted up, thus introducing a relative 
movement of the pellet downwards. The pellet is then free from die grips. 
Usually the relative position of the pellet during pressing is so adjusted that 
when the die is pushed up with the tool fully the pellet will just flush out in the 
O ring, because the top plunger surface just flush out with the die. This 
technique was found later very successful in getting a complete uncracked pellet 
with sufficient strength for further operations.
3.18 Results and discussion
In any pressing operation, extrusion of the compact may be very difficult as 
explained above because there is a tendency of cracking which depends upon 
many things. Information about cold pressing techniques to Si-Ge alloys was 
not available. There are many literatures that describe hot pressing. But in most 
cases even for hot pressing there is no mention of this problem. Cook et al 
(1989) have cited that at hot pressing temperatures greater than 110 0  degree 
centigrade extrusion of fine grain Si-Ge alloy compacts was difficult. The 
difficulty was due to extensive cracking and diffusion of materials in the 
graphite lines used inside the die of the hot-pressing equipment46.
At first the extrusion was usually done by pressing. Almost always the pellet 
cracked most probably due to "Capping" mechanism. Using the specially 
constructed tool when the die was lifted up in later operations, the axial 
expansion of the compact during ejection is constrained while at the same time 
the pellet reaches out of the die. The pellet is obtained within the ’O’ ring. Thus
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for a pellet o f a particular thickness typically <3 mm thick the problem was 
solved.
The effect o f green pressed density on the final thermoelement is obviously 
influential. A series of experiments were performed to get the maximum green 
density by pressing. It is known that with some powders density may increase 
after the initial packing stage without plastic deformation. The sharper asperities 
of irregularly shaped particles may be sheared o f under increasing loads, while 
particles of brittle or rapidly work-hardening materials displaying little plasticity 
may also suffer fracture. These phenomena tend to alter particle-size 
distribution and thereby increase packing density.
For very brittle materials displaying no plasticity, particle fracture and repacking 
is the only mechanism of densification. As the punch load increases further 
densification is increasingly hindered by work-hardening of the particles and by 
friction. Work hardening is an inherent property of the material being 
compacted. In can be reduced by two methods.
i) raising the temperature.
ii) changing to another material.
A change from pre-alloyed to mixed elemental powders may give a better 
pressing properties. For further densification by pressing, the part is prepressed 
or coined after sintering. The sintering serves as an annealing treatment51. 
Taking into account above considerations the effect o f various factors mainly 
ultrasonic shaking, vacuum (up to than 8*1 O'5 torn), pressure (5 - 40 tons/cm2) 
and annealing (> 950 degree Centigrade) on the green pressed density was 
studied. Also the effect of annealing and repressing was investigated.
The mentioned parameters in the given range did not affect the density 
noticeably. Whatever the parameters the green pressed density is less than 65% 
o f the theoretical. Thus it seems that the characteristics of the particles 
(hardness, size and shape) are such that they can not be compressed to a higher 
density. So the second method of reducing the effect of work hardening as 
mentioned above was attempted.
Usually mechanical alloying process after a prolonged period of milling results 
in a homogeneous alloy with a constant particle size within a narrow range. 
This is inherent to the mechanical alloying process (See section 3.3).
kamalAryaJ 61
To confirm this (the effect of the particle size distribution on the green pressed 
density) unmilled Si and Ge powders which would be relatively very coarse 
larger grains, were pressed under similar conditions. A density of around 74% 
o f the theoretical was obtained. Thus it seemed that suitably distributed sizes of 
particles rather than the quasi uniform size resulting from prolonged milling 
seemed necessary to improve densification behaviour. So to avoid longer 
duration milling in order to obtain coarse larger grain size alloy powders, a 
consideration was given to 60 hours milled samples.
The 60 hours milled samples would not be a good solid solution alloy. 
However, there is a possibility that with proper heat treatment solid state 
reaction can occur and cause complete alloying. Since for making a TEM 
several parameters could be optimised this possibility was also explored. Hence 
it was decided to try using "lower duration milled" powders to get distributed 
particle sizes so that densification behaviour could be improved.
So in the next stage 40-hour and 60-hour milled samples were taken out for x- 
ray analysis. X-ray patterns were obtained both before and after annealing at 
900 degree C. The x-ray patterns of unannealed samples obviously did not show 
any alloying, however those o f annealed samples showed that they are mostly 
alloyed. The x-ray pattern of 60-hour milled samples exhibit only slightly better 
solid solution characteristics than the 40-hour milled ones, i.e. both of them are 
not completely alloyed, see Figure 3.14 (A).
Figure 3.14 (A): X-ray diffraction pattern of a 60 hour milled sample.
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Figure 3.14 (B): X-ray diffraction pattern of a 200 hour milled sample.
The SEM/EDXS analysis of the samples revealed that the particle sizes of 60- 
hour milled samples are much better distributed (Figure 3.15 A and B). The 
EDXS showed compositional non-uniformity at various places on the sample. 
Analysis using the backscattered electrons also gave contrasting features 
corresponding to Si and Ge (Ge being brighter in Figure 3.16 B). Thus 60-hour 
milled alloys can be expected to lead to better densification than the 200-hour 
milled ones, however they are not as homogeneous as the 200-hour milled alloys 
(as indicated by Figure 3.16 A and B).
Figure 3.15: (A): SEM micrographs of 60 hours milled sample showing particle
size distribution.
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Figure 3.15: (B): the same sample as in (A) but with smaller resolution.
The 60 hours milled sample powder was pressed in good vacuum with ultrasonic 
shaking before pressing. A density of 74% o f the theoretical was obtained. Thus 
a noticeable but insufficient improvement was obtained in the green pressed 
density. But it involves two major compromises - namely on alloying results 
and on fine grains. A comparison of x-ray patterns for 60 hours and 200 hours 
milled, pressed and annealed samples is given in Figures 3.14 A and B.
Figure 3.16: (A): SEM analysis of the 60 hours milled sample scanned with SE
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Figure 3.16: (B): SEM analysis of the 60 hours milled sample scanned with
backscattered electrons.
3.19 Conclusion
An appropriate pressing procedure could be identified to successfully compact 
the Si-Ge alloy powders prepared by mechanical alloying. However, the green 
pressed density of the 200 hours milled powders could not be improved above 
65% of the theoretical by altering pressing parameters used.
Distribution of particle sizes in the powders were found to influence the green 
press density as seen by a comparison of the density of 60 hours milled samples 
and 200 hours milled samples. The ultimate effect on thermoelectric properties 
of broad ranges of particle sizes obtained from low milling hours, is not known. 
The 200 hours milled material with its 200-300 nm average particle size and 
homogeneity may be expected to improve the total thermoelectric conversion 
efficiencies by over 30% based on Rowe (1982)70. However lower milling time 
if proven to yield similar thermoelectric performance, would obviously be 
preferable.
Thus the green pressed condition using lower milling hours yielded around 74% 
of the theoretical density at the cost of homogeneity which may be improved 
during sintering operation. On the other hand using perfectly alloyed 
homogeneous sample green pressing operation could yield around 65% of the 
theoretical density. The parameters for processing to be adopted thus should be 
selected depending on the mechanical, physical and thermoelectric properties of 




The green pressed compact alone, even if it were of high density, will not have 
desirable physical and electrical parameters until strong bonding between 
particles are induced. In hot pressing process sintering and pressing occurs 
together and individual sintering will not be necessary. During the present work 
simple sintering at high temperatures above 1200 degree C produced 
inhomogeneities with glassy structure. Also the density of the compact could 
not approach to an acceptable level i.e. better than 90% of the theoretical for the 
electrical properties to be expected to be good. To overcome this a pressure 
assisted sintering process was utilised that could produce densities greater than 
90% of the theoretical density. A specially designed and built Pressure Assisted 
Sintering Furnace was used for this purpose.
This chapter describes the detail studies of the hot-working process employed to 
obtain a high density Si-Ge alloy compacts without loosing homogeneity. 
Firstly sintering theory and the usual methodology are briefly reviewed. These 
concepts were used in designing the PASF and the sintering procedure. The 
pressure assisted sintering process and the design of the PASF is then described. 
The operation of the PASF and the results of the experiments performed are 
explained in detail. Finally the annealing process has been discussed and the 
results of the experiments are presented.
4.1 Sintering and its effect in a material
Sintering may be defined as heating a body below the melting point of at least 
one major constituent in order to cause interparticle bonding. Sintering can also 
lead to the following important effects.
(i) chemical changes
(ii) dimensional changes
(iii) relief of internal stresses
(iv) phase changes and
(v) alloying.
When a compacted powder body is sintered a simple measure of particle 
bonding is its macro-strength. The properties-variations with sintering 
temperatures are different for each properties. As such a sintering temperature
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depends on the intended properties. Often it is necessary for the sintering 
temperature to be closely controlled. Above is true for true elemental powders. 
Single-phase alloy powders behave in a some what similar manner. When two 
or more elemental or alloy powders are sintered together, it is difficult to give 
rules for changes which occur.
Except in those cases where at the sintering temperature no solubility is possible 
alloying will occur. However, diffusion is unlikely to proceed sufficiently for 
equilibrium to be attained unless the sintering time is protracted. In some cases 
a liquid phase will be formed and this constitutes an important difference 
between the sintering of duplex and elemental systems. When a liquid phase is 
present all changes proceed at a much faster rate than when only solid phases are 
involved. As a general rule if  porosity must be eliminated then commercial 
practice is to use liquid-phase sintering (with which infiltration may be 
included), unless it is economically possible to supplement the normal sintering 
forces as in hot pressing.
Besides temperature, time and alloy system sintering atmosphere is the other 
important process variable. All metal powders are sintered in controlled neutral 
or reducing atmosphere, while non-metals such as oxides may need to be 
sintered in controlled oxidising atmospheres. The first requirement of a 
sintering atmosphere for elemental powders is that it should displace the air from 
around the powder and thereby prevent oxidation. Gross oxidation can occur 
rapidly in powder bodies because of the large surface area. Even slight 
oxidation can prevent the desired properties being attained in a sintering body.
Elimination of oxygen from the sintering furnace can be achieved by displacing 
the air with another ’neutral' gas. The usefulness of neutral gases is limited and 
reducing gases are usually preferred to decompose the compounds which are 
frequently present on the particle surfaces. In certain cases vacuum sintering is 
necessary. Thus sintering is a complex process in which physical, chemical and 
metallurgical effects interact.
4.2 Theory of sintering
The tendency for a system to assume its state of lowest energy is the driving 
force for sintering. In a powder mass there is excess energy due to the large free 
surface. The amount of excess surface energy, however, is not large. During 
sintering the surface area is decreased by an increase in interparticle contact area
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and by smoothing of the particle surfaces. Thus the energy available to continue 
the process becomes less and the rate of change slower.
To enable sintering to proceed it is necessary that the atoms have sufficient 
mobility to move to new positions. Atomic mobility is a function of temperature 
and thus sintering is markedly temperature dependent. Since the energy for 
sintering is derived from the excess surface energy, more energy will be 
available from fine, irregular powders than from coarser spherical materials.
In uncompacted powder there will be only slight interparticle adhesion 
(principally) resulting from Vander wall’s attractive forces. However in a 
compacted body the surface film may have been disrupted and may have some 
plastic deformation in the particles. As a result there will be definite contact 
between individual particles, the contact area will be strained and therefore of 
high energy. Thus before sintering a powder body consists at best o f particles 
adhering to each other at small contact areas and at worst of particles separated 
by surface films of oxides, etc. or adsorbed gases.
About the phenomena of particle bonding and shrinkage there are several 
theories as follows:
a) Stress arisen between two particles due to surface tension forces - The 
forces tend to increase the radius of curvature in an irregular pore until 
equilibrium is obtained and decrease the total surface area of the pore by 
shrinking the pore71. The stress acts in a manner to cause the neck to 
grow. This stress also causes vapour pressure and vacancy 
concentration gradients which can result in neck growth by the 
evaporation and condensation mechanism or, by a vacancy diffusion 
process.
b) Surface and volume diffusion - Elements enter by a diffusion process 
except where external stress is applied to cause plastic flow (hot 
pressing). There is also the possibility of an ‘evaporation and 
condensation’ process operating for certain metals. Volume diffusion is 
the dominant process of densification, although surface diffusion 
contributes to bonding in some cases.
4.3 Methods of sintering
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During the sintering operation the compacts are subjected to an elevated 
temperature in a controlled environment using a furnace. Both batch-type and 
continuous furnaces can be used72. Most materials are sintered at temperatures 
70% to 80% o f their melting point, while certain refractory materials may 
require temperatures near 90%. When the consolidated product is composed of 
several materials the sintering temperature may be above the melting 
temperature o f some of the components. In such a case the lower-melting-point 
materials simply flow into the voids between the higher-melting-point materials.
Sintering operations usually involve three stages. Many furnaces employ three 
distinct zones. The first region, the bum-off chamber, is designed to combust 
air, volatilise and remove lubricants or binders (which otherwise, would interfere 
with good bonding) and slowly raise the temperature of the compacts in a 
controlled manner. Rapid heating is avoided because it would produce high 
internal pressure from air entrapped in closed pores and volatilising lubricants. 
This might result in swelling or fracture of the compacts. In the second or the 
high-temperature zone the actual solid-state diffusion and bonding occurs 
between the powder particles. The time here usually varies from 10 minutes to 
several hours and is selected to produce the desired density and final properties. 
In the final cooling zone the temperature is lowered while maintaining the 
products in a controlled atmosphere. This feature helps to prevent oxidation 
because of the direct contact into air and possible thermal shock.
A controlled protective atmosphere is important in all three zones of the furnace. 
This is critical because the fine powder particles in the compact still have 
residual porosity after pressing and a large exposed area. Rapid oxidation might 
occur at elevated temperatures and significantly impair the quality of inter­
particle bonding. Sometimes reducing atmospheres commonly based on 
hydrogen, dissociated ammonia or cracked hydrocarbons, is preferred. This is 
because they can reduce any oxide already present on the particle surfaces and 
combust harmful gases liberated during sintering.
4.4 Pressure assisted sintering
The term pressure-assisted sintering has been used to represent a sintering 
process where the green-pressed compact is sintered at a suitable temperature 
while relatively very low pressure is maintained on the compact. The PAS is 
different from the hot-pressing process. In hot-pressing the powder is pressed
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utilising full (ie. very high) pressure at elevated temperature. In PAS, sintering 
is done on the compact prepressed as in normal pressure and sintering process. 
By using such a process very high density compacts could be produced. Most 
probably the pressure applied will just guide the particles towards each other 
enhancing favourable bonding processes. Also during this work, when the 
pressure was not used, simple sintering at the identical temperature level 
produced inhomogeneous glassy materials indicating that there was melting (as 
described in section 4.10.3).
4.5 Design of the PASF 
4.5.1 Experimental background
Initially experiments were performed to study the sintering behaviour of the 
green pressed pellet at high temperatures. In a typical experiment the sample 
was placed inside a long quartz tube in the middle of which a heating coil was 
wound. The heating coil itself was inside an another silica tube (see Figure 4.1). 
A chromel-alumel thermocouple junction was placed under the pellet to record 
its temperature. The leads were brought out to a multimeter. On one side of the 
long glass tube plastic tubes were arranged to inlet high purity argon gas from 
one tube and dehumidified hydrogen gas from the other. The hydrogen gas was 
made by the electrolysis of water through an water absorbing compound.
-Hydrogen inlet
Silica tube 
(Outer) Silica tube 
(inner)
Argon inlet
A utotransform V o lta g e
Stabilizer
L-—----------------------------- - ----------- —
7 7 ^
U ilT k X lI l
V
Dig ita I 
M ultim et
Figure 4.1: Experimental set up during initial sintering experiments
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The power input to the heating element was from an auto-transformer fed 
through a voltage stabiliser from the mains. The auto transformer voltage was 
manually controlled very slowly to get the temperature reading by the 
thermocouple-multimeter system to 950 °C. The amount of hydrogen 
introduced was veiy small and it was performed in order to maintain a slightly 
reducing environment on the sample. This scheme was found to be successful in 
the sintering o f BiTe TEM73.
The resulting pellet was examined using an optical microscope. It did not look 
sintered. As such it was decided to sinter at a higher temperature. The next 
sintering operation was done in a professional laboratory furnace at 1100 °C for 
24 hours in argon atmosphere. Sintering did not occur. Later the same sample 
was heated in a silica tube to 1300 °C for 2 hours. The pellet deformed and the 
elemental Si and Ge unmixed completely as confirmed later by the X-ray 
patterns. One sample was sintered in Argon atmosphere in a furnace (see below) 
at 1200 °C  for 22 hours. It did not sinter well.
These unsuccessful attempts to sintering led to a substantial amount of 
investigation in regard to the high temperature sintering process. Vacuum hot 
pressing facility, proven successful for this purpose, was not available and also 
an alternative method of densifying is desirable for low cost mass scale 
manufacturing purposes. Therefore it was decided to identify and investigate the 
feasibility o f an appropriate technique for sintering.
A careful review of the relevant literature and the processes occurring in a Si-Ge 
alloy densification process was carried out. As the liquid phase was to be 
avoided the liquid phase sintering would not be desirable to achieve the high 
density. This is because of the wide separation between the solidus and the 
liquidus in the Si-Ge phase diagram74 that (see Appendix 3) once liquid phase is 
present germanium would segregate out during cooling causing inhomogeneity 
in the sample. Therefore the sintering temperature has to be below the solidus.
4.5.2 Basic ideas for the PAS
At temperatures near the solidus the diffusion would be enhanced and the atomic 
diffusion could take place in between the particles which are in contact. This 
will lead to sintering together of those particles. But since the particles are 
relatively very far because of the low green density and the uniform particle 
sizes that it would be difficult to get a complete sintering. In such a case the 
work softening of the particles at that high temperature could be utilised by
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applying a relatively low pressure so that they tend to compact together leading 
to enhanced sintering and densification.
(B)
(C)
Figure 4.2 (A-C): SEM micrographs of a pellet sintered at 1200 °C, at 
increasingly higher magnifications.
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Also the above mentioned sample which was sintered at 1200 °C was analysed 
using SEM/EDXA. First the pellet was sectioned and then polished. The 
analysis was done across the section to study the inside of the sample. As 
shown in the micrographs (Figures 4.2 A-C), there are some cracks and higher 
resolution micrographs revealed that there are some melts inside them (Figure
4.2 C). Thus even when the liquid phase was present the density could not 
improve. This was also confirmed by the X-ray pattern (Figure 4.2 D).
Figure 4.2 (D): X-ray pattern of the sample sintered at 1200 °C
The presence of liquid phase was at first difficult to comprehend. The likely 
possibility is that inside the cracks, because of the less density (see Figure.3.11) 
and hence more surface area of the particles, there may have been more 
oxidation of Si. This could have led to Si deficiency in the region which lowers 
the solidus of the Si-Ge alloy towards that of germanium (see Appendix 3). If 
the resulting solidus was below 1200 °C in the location a liquid phase can be 
expected. The surface melting was also observed in some of the other samples. 





Figure 4.3 (A-B): Evidence of melting in the sintered pellets.
Based on above ideas and also by the evidence of improved density when such a 
pressure assisted sintering was applied by some workers52 it was decided that a 
pressure assisted sintering method would be pursued and investigated.
4.6 Description of the PASF
The main criteria for the design of the PASF were
• An uniform temperature should be achievable within a narrow controlled 
range at temperatures up to 1300 °C.
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• A provision of applying some pressure on the sample to be sintered. 
This need not be large.
• The process should be amenable to automation as far as possible.
• The materials employed should be readily available and the system 
should be capable of being built locally.
• There should be a provision for non-oxidising atmosphere in order to 
reduce the possible oxidation at high temperatures.
• The power consumption by the furnace should be as low as practicable. 
Availability of a 1 kVA transformer encouraged to design the furnace 
such that the required temperature would be obtained at a power 
consumption level o f less than one kilowatt.
Various possible configurations involving graphite and alumina components 
were considered. Simulations of heat flows and expected temperatures were 
performed. And after considering all the factors a design could be selected to 
satisfy almost all criteria.
The PASF is designed to maintain high temperatures, in excess of 1300 °C, 
inside a graphite die at a total power consumption level of 800 watts. The main 
furnace unit consists of following parts;
1 External covering of aluminium sheet enclosing high temperature 
insulating materials.
2 The high temperature insulating materials surround a square shaped steel 
tube.
3 The square shaped steel tube surrounds fire bricks near the bottom and 
the insulating materials on the fire brick.
4 The insulating materials again surround a ceramic (mullite tube) and a 
stainless steel block under it, which rests on the fire brick.
5 A column consisting of a ceramic tube at the bottom, graphite plunger 
rods and then ceramic tube at the top rests on the above stainless steel 
block. The sample is placed in between the plungers which are 
surrounded by the graphite die. On circumferential outer surface of the 
die is a Kanthal heating wire inside ceramic sleeves. The die rests on a 
protruding surface o f the bottom plunger.
6 A R type thermocouple is placed in the thermocouple hole on the top 
surface of the die.
7 The heater wires and the TC wires are led out through number of holes 
on the top stainless steel plate which surrounds another stainless steel 
plate which in turn surrounds the top cylindrical ceramic tube.
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8 The steel block is usually polished on the bottom surface to reflect the 
incoming radiation. The top surface is cooled by a fan to increase the 
heat transfer to atmosphere so that the temperature on it reduces to a 
lower value.
9 An argon inlet tube is provided so that inside the mullite tube completely 
inert atmosphere can be maintained.
Power to the Kanthal heater is supplied through a 1 kVA transformer by a 
variable auto transformer which in turn is powered through a power controller. 
An Eurotherm monitor together with the power controller can be set up such that 
when the temperature is above a certain set value the power controller cuts off 
the power and when temperature falls below the set value the power supply 
resumes. Sometimes this feature could be used to control the temperature in the 
die within a particular range.
A computer and a multiplexer set-up is used to read and store the measured 
performance parameters of the PASF, namely the supply voltage, the resulting 
current and temperatures at various points (Figure 4.4).
PRESSURE
Argon 9«  1KVÀ
inlot TRANSFORMER
Figure 4.4 (A): Schematic diagram of the PASF setup.
Labels 1 ,2 , 3  and 4 are for the thermocouple wires. A, B and C, D are the voltage 
and the current leads for measurements. E and F are the two cables to supply 
power to the PASF. G, H, I, J and K are the insulation, the graphite components, 
the fire brick, the ceramic cylindrical hollow tube and the stainless steel 
components respectively. A fan to cool the top steel block and the hydraulic press
to apply the pressure are not shown.
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4.6.1 Design and the preparation of the heating element.
The heating element is a Kanthal A -l wire of 2 mm diameter obtained from 
Kanthal Australia Pty. Ltd. It is passed through ceramic sleeves and wound 
through a two way (one in the reverse) direction helical groove around the 
graphite former (which acts like a die). The annular graphite former is o f length 
60 mm, inner diameter of 11.25 mm and outer diameter of 36 mm. The groove 
around the former is of square cross section of 6.4 by 3 mm (see Fig 4.5). This 
arrangement allows the wire to be wound round the graphite former such that the 
other side of the wire also comes on the same side of the cylinder flat surface.
Figure 4.5: Schematic diagram of the two way double helix arrangement of the
grooves on the graphite former.
To decrease the resistance of the ineffective portion of the heating wire, outside 
the graphite former another heating wire is welded on both sides. All 4 heater 
wires are led through the top steel block whose bottom surface is polished to 
reflect the radiated energy back to the hot graphite former. Outside the top steel 
block they are connected to two ceramic connectors where the cables from the 
power supply system are also connected.
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Also there is a 40 mm deep thermocouple hole on the top surface of the graphite 
former which was finally modified to accommodate the thermocouple with a 
protective sheath made from high purity AI2 O3 and o f 5.2 mm outer diameter.
The axis o f the thermocouple hole is tilted with respect to the axis of the furnace 
centre line by about 3.5 . This was done such that the thermocouple can be led 
suitably from the top steel block.
The length of the wire is selected on the basis of electrical power level required, 
the current and the voltage. A typical design calculation was done as shown 
below.
The required power = 800 watt 
let V (voltage) = 16 V
Then R (resistance of the heating element) =
162
800 = 0.32 ohm
For the given wire 
ohm/m = 0.46
The length required = 0.32/0.46 = 0.7 m
With diameter of the former as 3.6 cm, no of turns required = 70/(3.142*3.6) 
no. o f turns = 6.189
With 6 turns, total length = 3.142*3.6*6 =67.9 cm.(approx.)
Total R = 0.46 * 0.679 = 0.3123 ohm
Since total die length = 60 cm
length per turn = 8.6
Ceramic bead diameter = 5.4 mm
Then groove width = 6.4 mm say
Spacing between grooves = 8.6 - 6.4 = 2 mm
4.6.2 Preparation of the heating element in the former.
While preparing the heating element always it was made sure that the element 
would remain smooth as it is originally. This is because any kinks or defects 
produced could degrade the operation of the element and the former, specially at 
high temperatures by altering the thermal, electrical and mechanical properties. 
In practice it was done with the help of an aluminium former which is similar to, 
but o f a slightly smaller size, than the graphite former. After cutting the required 
length the wire is led through a required number of ceramic beads, carefully 
wound round the aluminium former and then unwound back. The additional two
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lead wires are welded one on each side as mentioned above. The received 
helical coil is then wound in the graphite former smoothly.
4.6.3 Analysis for estimates of temperatures and power level
The objective of this analysis was to obtain an initial estimate of temperatures at 
various places in the furnace. During the design stage the analysis was carried 
out for various sizes (geometry) of the internal ceramic tube, the graphite 
plungers, the graphite, insulations at various places and other components.
For the analysis at first a configuration was selected on the basis of the 
feasibility of its construction. In consistency with the selection a geometry was 
assumed for each o f the components. Assuming average material and thermal 
parameters calculations were performed to estimate the temperatures at various 
places and the electrical input. The sizes of the various components 
corresponding to the minimum input level was selected for building the furnace.
Since a significant number of possibilities were there a computer program was 
written to perform above calculations in a computer for an optimal solution. 
Basic assumptions used for the calculation were as follows.
• Energy flows are one dimensional.
• There would be uniform temperatures on transverse sections relative to 
the flows.
• Average temperature of a surface as calculated by its boundary 
temperatures was used for calculations.
• At internal boundaries o f the furnace reflectors are to be used and only (at 
most) 30% of the incoming radiation will be transmitted to outer 
directions.
• Even though around 1300 C is required at mid-portion (*h'), in 
approximate calculations, temperatures within the die hole is assumed to 
be 1600 °K. This allows lower temperatures at outer edges inside the die 
tube.
• Assuming that the gas flow can be maintained at a minimal level and also 
the ambient temperature would be very high at steady state, the radiation 
loss is expected to dominate inside the furnace. Convection losses might 
not be significant. Therefore convection losses have been accounted only 
for losses from the outer surface of the ceramic and insulations to the 
outside ambient air.
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The main logic used in the analysis was that the thermal and radiation properties 
of the materials will cause temperature distribution in such a way that energy 
conservation will be maintained. In the steady state the energy flows across 
various sections and the temperatures at all places will be stabilise. The sizes of 
the insulation thickness, graphite plungers (length) and the ceramic tubes were 
selected on the basis of the required minimum power level input (below 1 kW).
The diameter o f the plungers were selected to be 1/2 inch so that a pellet of that 
size could be sintered later if required in case the TEM collaboration program 
with AMES lab (see appendix 1) could go ahead. Ordinarily, however, the 
pellet sample was selected to be 1 cm to minimise the total material required 
during the experimental development stage. This size would be sufficient for 
appropriate characterisation and property measurement purposes.
Typical parameters used for the analysis were as follows.
Material £ (emissivity) k  (thermal conductivity) 
w/mK
Stainless steel (typically 
polished







It was assumed that reflecting surfaces reflect 70% of the incoming radiation 
energy back to the source.
Since the furnace is of a cylindrical geometry most components in the furnace 
are also of cylindrical construction. Therefore for the purpose of calculations the 
governing equations assumed to be valid in the steady state were as follows
= 2jtkl(T\ -  T2) 
ln(Dl / D2)
Where
T1 and T2 are the average temperatures at the inside and the outside surface of a 
cylinder.
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D1 and D2 are the diameters o f the inside and the outside surface of the cylinder.
k is the thermal conductivity and 1 is the length of the cylinder.
Qc is the heat flow from the cylindrical surface at T 1 to the Surface at T2 due to 
conduction.
The heat flow due to radiation from a surface is given by
Q = a.A.e (T l4 - T24)
Where
a  is the Stefan's constant 
e is the emissivity of the surface material.
A is the area of the surface.
Tl and T2 are the average temperatures of the surfaces
The energy flow is towards the surface with temperature T2. The temperatures 
are assumed uniform across the circumference o f the cylindrical surface area 
because of the symmetrical construction. The average temperature of the 
cylindrical area is calculated as an average of the top and the bottom 
circumference of the cylinder.
The heat flow due to convection is as follows
Qv = h.A.(Tl - To)
h is the convective heat transfer coefficient, A is the surface area where 
convection is taking place and To is the ambient temperature.
Another set of equations which were also used was the conductive heat flow in 
the longitudinal direction of a cylinder, solid (eg. the graphite plungers) or a 
hollow (eg. the ceramic) tube. The equation governing those was assumed as
Q _ fcA.cn - T2 )
Where k is the thermal conductivity, T l and T2 are the average temperatures, A 
is the cross sectional area of the heat flow and the 1 is the length of the cylinder.
For the analysis the furnace was sectionalised into several components and areas 
(mostly cylindrical). The inside temperature of the furnace die was assumed as
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1600 °K as mentioned above. For calculation in the computer at first some 
average temperatures were assumed at various surface boundaries. Using these 
values heat flows and temperatures at various other places were calculated. The 
calculation was continued by changing the assumed values until the heat flow 
balance occurred at all surfaces. The calculations were continued for different 
lengths of graphite tube, ceramic tube and insulation thicknesses to get the above 
temperature o f 1600 °K  with a power level of less than 1 KW.
Based on above estimates the furnace was built. Several experiments were 
performed. Later few modifications were done to improve the performance of 
the furnace such as removing the molybdenum reflector sheet form the furnace. 
Another major modification in the operation was the graphite container. In the 
final stage the furnace could be used to achieve a temperature up to 1300 degree 
C with a power consumption level of under 800 watts.
Table below gives temperature distributions in the outside surface of the furnace 
as measured during a typical experiment. In the graphite die there was a 
temperature o f 1260 °C (1258 °C - 1266 °C ) maintained for about 1 hour, with 
a pressure o f about 80 kg/cm2 on the sample. The pellet obtained (AS10P8) 
from the experiment has a density greater than 93% of the theoretical.
Position Tem perature (C)
1 (Middle of the furnace) 159°
2 ( 1/2  way to the top) 143°
3 (1/2 way to the bottom) 117°
Room temp. 2 1°
The voltage, current and the Power to the Kanthal heating element were 17.2 V,
33.1 Amps and 569.3 watts respectively.
4.6.4 Assembling the furnace components
The fire brick is first placed on the of the base of the thin aluminium shell. The 
square shaped steel shell which just fits the firebrick is then inserted in position 
such that the assembly will be in the centre position inside the aluminium shell. 
Then the bottom steel block is inserted in the position. The argon inlet tube is 
inserted through the inlet holes in the aluminium and the steel shells. The inlet
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tube is screwed in the bottom steel block hole made for this purpose. The 
mullite (ceramic) tube is fixed on the bottom steel block in its place. Then the 
insulating material, kaowool, is inserted and packed well around the mullite tube 
and outside the steel shell. Other components such as graphite plungers, internal 
ceramic tubes, graphite former with the heating element etc. are assembled 
during operation stage. The completely assembled furnace is shown in the photo 
in Figure 4.6.
Figure 4.6 (A): The photograph of the assembled PASF. Also seen are some of 
the instruments used during the PASF experiment including the multiplexer. The 
visible vacuum station and ultrasonic bath were used during the pressing
operations.
4.7 The operation
The green pressed pellet is placed inside a graphite cup such that the sample just 
fits inside it. Then it is covered on the top by a small graphite lid. The whole 
container is then stuck to the top surface of the graphite bottom plunger with the 
help of very little super glue. Then carefully it is put inside the furnace on the 
bottom steel block. Then the graphite die is carefully placed in its position and 
after that the top plungers are put in position. Then the thermocouple is placed 
and the whole thing is aligned very carefully. Finally electrical connections are 
completed.
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When every thing is in place and the electrical connection has been checked then 
the pressure is applied carefully. The computer recording and data storage 
system is switched on. Argon is let in. After some time when Ar-atmosphere 
inside is ensured then the power supply is switched on. Even though the power 
controller is used, to reduce the thermal shock in the system the auto transformer 
is used to increase the power input very slowly. The power supply is usually 
maintained at the level such that the temperature read by the monitor is constant 
at the desired temperature level.
Figure 4.6 (B): The photograph of the assembled PASF. Visible in the photo are 
the autotransformer, power controller, eurotherm temperature monitor the fan to 
cool the top of the furnace and the R-type thermocouple in the protective sheath
(on the top of the eurotherm monitor).
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As soon as the heating is started the fan is switched on and then the alarm in the 
eurotherm monitor is adjusted to the desired level above which the power supply 
is to be cut off. It takes nearly 2 hours to reach a temperature of 1260 degree C 
from room temperature.
The experiment is continued as required (1 to 6 hours). During the cooling cycle 
also the power supply is slowly reduced to zero. However the cooling fan and 
the argon flow is maintained until the temperature inside falls around 300 °C. 
Cooling to room temperature takes several hours. The sample from the PASF is 
obtained inside the graphite container.
The graphite container is carefully broken to get the pellet out. Usually four cuts 
with a small fine saw are made on the 4 sides of the circumference of the 
graphite cup. Also a plus shaped cut on both the top and the bottom faces are 
made so that the graphite cup could be broken to obtain the pellet cleanly. The 
pellet is cleaned from any carbon debris left and then ultrasonically cleaned in 
distilled water. By taking its weight and the geometrical dimension the density 
is estimated. The sample is usually characterised for material characteristics 
namely homogeneity (alloying), impurities (if any) and grain sizes using optical 
microscope, powder X-ray diffractometer and SEM/EDXA.
4.8 Results and discussion
In the initial stages o f the operation of the furnace it was found that it is 
important to make sure that the electrical contact be made as good as possible. 
The connection between the Kanthal wires and the power supply wires in the 
ceramic connectors should be firm and secure. Also mechanical movement of 
any parts o f the furnace (for example while applying pressure manually) should 
be kept low to avoid thermal or mechanical shocks which is enhanced at high 
temperatures.
Since the heating element expands at high temperatures it is necessary to insure 
proper clearance for the expansion. This was found in one of the initial attempts 
to fix the heating element secured mechanically to the former (additional 
ceramic tube for that particular design) with a high temperature ceramic paste. 
After the experiment the ceramic tube was found cracked and also the heating 
element deformed significantly.
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At first considering that there is a reducing atmosphere because of the graphite 
surrounding, the R-type thermocouple (Pt, 13% Pt Rh) tip was directly inserted 
in the thermocouple hole in the graphite former. Also Ar flow would have 
further strengthened the non-oxidising environment. This design was selected to 
obtain as accurate temperature reading as possible. However, the performance 
of the thermocouple was quite non-predictable. Specially for the first time 
operation o f the thermocouple and at lower temperatures typically below 1100 
°C it would go well. For high temperature operation specially at temperatures 
above 1200 °C or for second or more times operation the thermocouple blow 
off. In later experiments this misoperation could be avoided by using an 
alumina sheath protecting the thermocouple. For this purpose the design of the 
thermocouple hole had to be modified both in the steel block and in the graphite 
former.
In earlier experiments molybdenum heat reflectors were used on the bottom side 
of the top steel block and inside the outer ceramic tube. However, it was found 
that despite the argon environment inside the furnace the Mo would undergo 
oxidation. A very shiny, thin material probably M o03, along with some white 
deposits probably from the ceramic beads in contact with Mo, would form. The 
analysis of this material in the SEM showed that it is mostly Mo. As such in 
later experiments Mo reflectors were avoided. And to reduce the temperature on 
the top steel block, a fan was used as indicated in Figure 4.4.
In the experiments the temperature inside the graphite former was found to be 
quite uniform in a substantial range. During an experiment the thermocouple 
was slowly lifted up from its normal position (middle portion on the 60 mm 
former, 30 mm from the top) along the protective sheath and then down. The 
readings were as given below.








Thus it was known that at least within 10 mm (which is inside the graphite) there 
is no change in temperature in the longitudinal direction o f the cylindrical 
graphite former.
At first, when the graphite cup and the lid were not used, several problems were 
encountered. Graphite bottom plunger and the pellet would stick together. Once 
mica plate was used to avoid this problem but itself it disintegrated. One 
experiment was performed with 3 pellets inside and the PAS was done at 1225 
°C for one and half hour with 80 kg/cm^ of pressure. The pellets did not stick 
with plungers but were stuck inside the graphite die.
At the final stage of the modifications of the PASF a graphite cup and a lid was 
designed such that the sample would just fit inside the graphite cup and would 
receive the applied pressure through the lid as shown in Figure 4.7. This was 
done to improve the density of the pellets obtained. The reasons for this are 
evident in the following paragraphs regarding the results of the PAS 
experiments.
The thickness and the diameter of the sample, after polishing it, are measured. 
Typically the average of a number of 10 measurements at different orientations 
were taken for the final calculation of the density.
Figure 4.7: The graphite lid and cup designed and, precision built for parallel
surfaces and tight tolerances.
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PAS at suitable temperatures in Ar atmosphere gave a density around 85% to 
88% of the theoretical. The homogeneity o f the sample was completely retained 
as seen from X-ray powder diffraction pattern and SEM/EDXS analysis. The 
SEM high resolution analysis showed very small grain sizes (Figure 4.10). 
Figure 4.8 shows the X-ray diffraction pattern of one of the sample sintered at 
1260 degree C for 1 hour under 100 Kg/sq.cm. pressure. The density obtained 
was 88% of the theoretical. This value is not unusual while attempting 
compacting the Si-Ge powder prepared by mechanical alloying. Pixius, et al 
obtained a typical density of 85% of the theoretical when they compacted their 
mechanically alloyed Si-Ge powder by using hot iso-static pressing75’76.
Figure 4.8: X-ray diffraction pattern of one of the sample sintered at 1260 degree 
C for 1 hour under 100 Kg/sq.cm. pressure.
Thus a required density greater than 90% of the theoretical was still not 
achieved. The careful observation of the samples after PAS showed that the 
diameter of the sample had increased, whereas the thickness was considerably 
lower. This increase in diameter was responsible for inability to achieve higher 
density. Also there were sometimes technical problems of the pellet sticking to 
the plungers when experiments are performed at higher temperatures, most
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probably because o f Ge diffusion across the boundaries. So in later experiments 
the sample (Si-Ge cold pressed compact) was placed inside a graphite container 
and covered with a graphite lid. The whole container was inserted in the PASF. 
Sintering temperatures, pressures and the timing regimes were used as in earlier 
PAS experiments. Together with the above technical difficulties being solved, 
density values obtained were well above 90% of the theoretical density.
Figure 4.9: X-ray pattern o f one of the samples, which was sintered at 1260 
degree C for 5 hours using 75 Kg/sq.cm. of pressure
Figure 4.9 shows the X-ray pattern of one of the samples which was sintered at 
1260 degree C for 5 hours using 75 Kg/sq.cm. of pressure. The sample is 
homogeneous. SEM/EDXS analysis revealed that the sample has small grain 
sizes - 200-500 nm on the average (Figure 4.10). Some large grains seem to be 
agglomerations o f the smaller grains. The transmission electron microscopy 
showed that the sample is a polycrystalline material (Figure 4.11). The density 
obtained was 93% of the theoretical value. Using this procedure the samples of 
density up to 95% of the theoretical value could be obtained.
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(B)
Figure 4.10 (A-B): SEM micrographs of the samples, sintered at 1260 degree C 
for 5 hours using 75 Kg/sq.cm. of pressure revealing sub micron grain sizes.
Thus with a suitable PAS scheme, very high density compacts of Si-Ge alloys 
could be produced. The optimal experimental parameters e.g. temperature, 
pressure and timing regimes, obviously depend on the composition and 
processing history of the sample. Also during sintering if grain growth is not 
allowed to occur by some means the diffusion of atoms away from the grain 
boundary to the pores will cause the pores between adjacent particles to steadily 
shrink. This would cause the pores to be effectively filled in by diffusing 
material. Even though in most cases grain growth occurs and traps pores, in 
some cases by adding a small amount of impurities the grain growth can be 
much retarded and the pore shrinkage allowed to go to completion. This
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phenomenon has been seen in AI2O3 when 0.1 wt. % of MgO is added to it77. If 
the impurities have a good effect or at least not bad effects on the resulting 
properties such as GaP78 in Si-Ge alloys, then this method too might be worth 
considering for improving the density.
Figure 4.11: The TEM photograph of the sample sintered at 1260 degree C for 5
hours using 75 Kg/sq.cm. of pressure.
4.9 Annealing
Many engineering materials can possess not just one set of properties but an 
entire spectrum that can be selected and varied at will. Heat treatment is the 
mechanism by which these properties can be attained without a concurrent 
change in product shape. By definition heat treatment is the controlled heating 
and cooling of metals for the purpose of altering properties72.
Processing heat treatments is included in the general main heat treatments. A 
number of process heat - treating operations are classified under the general term 
annealing. These may be employed to reduce hardness, to remove residual 
stresses, to improve toughness, to restore ductility, to refine grain size, to reduce 
segregation or to alter the mechanical, electrical or magnetic properties of the 
material. By producing a certain desired structure, characteristics can be 
imparted that are favourable to the subsequent operations or applications. The
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material being treated and the objectives of the treatment determine the 
temperature, the cooling rate and the specific details o f the process.
The detailed investigation o f the annealing procedure falls on the second stage of 
the TEM development. Annealing is often used to improve the properties after 
obtaining a satisfactory TEM at the first stage as measured by its thermal and 
electrical parameters. Therefore after getting a high density pellet with good 
homogeneity and small grain sizes emphasis was given to measure the electrical 
properties of the sample. The details of the measurement are the subject of the 
next chapter. However, this important step was not completely ignored. In fact 
several annealing experiments were performed basically to investigate the 
possibility o f improving the electrical conductivity. This chapter explains the 
details about the importance o f annealing in Si-Ge TEM development and the 
experiments performed regarding the annealing of the high density samples 
produced.
4.9.1 Importance of annealing for the development Si-Ge TEM
Annealing is one of the important processes in the fabrication of Si-Ge TEM. 
The properties of Si-Ge TEM are significantly improved through annealing46. 
Cook et al used sintering temperature of 1200 °C to 1250 °C for 24 hours. 
Draper S. L. used sintering temperatures between 1200 - 1275 degree C in 
various sequences to significantly improve TE properties79. Rowe and Min also 
found that the reported increase in electrical power factor for Si-Ge GaP alloy, 
after having undergone high temperature treatment can be further increased. 
The process used involved subjecting the material to a lower-temperature heat 
treatment followed by a further high temperature heat treatment80. Thus heat 
treatment sequence seems to influence the properties of the Si-Ge alloys 
substantially. Therefore it is desirable to develop an appropriate annealing 
procedure to obtain samples with a desired set of properties.
4.9.2 Importance of annealing experiments for the operation of a TEG
In addition to changing the parameter values annealing experiments are specially 
required in TEM studies to know the performance of the TEM during the normal 
operation. This is because when in operation the TEM will be at higher 
temperatures. Also important are the characteristics when annealed in a 
temperature gradient similar to the actual operating environment. This will give 
information on the problem of dopant precipitation with the time and
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temperature history which influence Seebeck coefficient and electrical 
resistivity.
The dopant precipitation causes the electronic component of the thermal 
conductivity to decrease. However, the lattice component increase because of 
the removal o f the unequal sized atoms, which results in a relaxed crystal81. It is 
not clear which mechanism predominates.
Dismukes et al82 reported that precipitation effects had been observed in n-type 
alloys causing changes in thermal and electrical properties with time during 
measurements. They also observed the effects on p-type alloys with hole 
concentration > 3* 1020/cm3 and at temperatures above 1100 °K.
Recently a number of works has been published where the addition of GaP could 
improve the figure of merit of Si-Ge alloys by improving the power factor. 
Those samples had undergone high temperature treatments (1200 - 1250 °C). 
The heat treatment was unfortunately erratic and the improved samples were not 
reproducible83.
Annealing also improves inhomogeneity, if any, because of the diffusion process 
at high temperatures. In Si-Ge an effect of porosity has been observed. It is 
known that the material starts at less than 100% theoretical density and that it 
gets more porous as time goes on. This has as yet not been understood in an 
accurate way, as neither the hole size, nor number, nor shape is known as a 
function o f time and temperature (or temperature and temperature gradient). The 
mechanism of hole formation is also not understood at present. It is possible 
that in properly alloyed material this problem may not exist. In the material 
available at present one has these mechanisms (dopant precipitation, alloying 
and porosity) superimposed and, it is impossible to separate the effects.
4.10 Annealing experiments
4.10.1 Apparatus used for the annealing
The main furnace used is a tubular furnace where continuous temperature o f 
operation can be as high as 1400 degree C. A high purity Argon cylinder is used 
to supply pure argon during annealing. A small graphite or ceramic boat is used 
to contain the sample during annealing.
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The temperature monitored in the furnace is through a thermocouple in between 
the two tubular regions. Since one o f the region was used, the estimate of the 
difference in temperature between that where the sample sits and the one 
monitored by the furnace was done in one experiment. In the experiment a S - 
type TC was placed just near the sample through the work tube. The voltage 
developed at two TC leads was measured by a digital voltmeter. The 
temperature monitored by the furnace was found to vary from 18 degree C to 25 
degree C. In the steady state around 1200 °C it was 18 degree C lower than the 
one observed from the TC readings as shown by the voltmeter.
4.10.2 Procedure used
The annealing procedure starts with cleaning of the sample. The sample is then 
placed in a graphite or ceramic boat. The work tube is placed inside the furnace 
carefully so that it is mechanically at most stable position. The sample is then 
placed at one of the month of the work-tube and pushed by a tool to the middle 
portion. The tube to let the Argon ‘in’ is connected at the other side. Then the 
argon cylinder valve is opened. With the help of a match-stick the flow of argon 
is confirmed. A tube is connected and the other side of the tube is dipped in 
water in a beaker so as to check, the flow of argon during annealing throughout 
the experiment.
The temperature is set to the desired temperature level. When the desired 
temperature level is reached then the time is noted. Annealing is continued until 
a predetermined time. Then the furnace temperature is set to 760 degree C 
which is recommended as the idling temperature of the furnace. Argon valve is 
closed. Tubes are disconnected and the work tube is taken out. The sample is 
then cleaned.
4.10.3 Results and discussion
Annealing of several undensed pellets were done if further densification would 
occur simply by applying high temperature without degrading homogeneity and 
particle size. But simple high temperature treatment like these gave non­
homogeneous sample with glassy structure.
After getting the high density pellets through the PAS system electrical 
properties of the samples were measured as described in the next chapter. The 
electrical resistivity obtained were too high to be satisfactory.
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To study i f  annealing would help in lowering the electrical resistivity several 
experiments were performed. The temperatures selected were similar to the one 
which is reported to improve the electrical properties. Several samples were 
annealed at 1200 to 1250 ^C. Sample AS10P6 was annealed in air for about 15 
hours around 1225 °C . When the sample was taken out one surface was rough 
where as the other was smooth but the attached silicon was on this. The rough 
surface indicated that it was not covered by Si and was exposed to environment 
where vapour most probably from ceramic surrounding and adsorbed air caused 
this. The smooth surface was most probably the Si02 layer formed. In later 
experiments the sample was placed on a Si-slice which was on zirconia surface. 
Another Si-slice was used on top of the sample. This was done to reduce the 
oxidation o f  the Si-Ge alloy.
After completing the experiment the sample was found to be greyish-metallic in 
colour. Metallic bubbles were seen in many places. Sizes varied from very 
small to less than 1 mm in diameter. A piece o f Si-slice was attached very 
firmly. It had to be ground away later. Initially the sample behaved completely 
non-conducting but when the surface layer was polished away using 1000 dry 
and wet emery paper, the sample had a metallic colour and was conducting. 
Several cracks were seen on the surface. Cook et al46 has reported that one of 
their samples had developed cracks. However the reason has not been 
mentioned. Considering these and also the less amount of Si in AS8P3 
annealing o f these was performed at 1200 °C
A detailed investigation of annealing and its effect was not pursued, as the 
values o f  the electrical properties and the uniformity of it in the various parts of 
the sample after annealing were not promising.
Considering all these factors the priority was shifted from annealing experiments 
to the investigation o f  the causes o f the poor electrical conductivity. However, it 
should be noted that annealing experiments are extremely important in TEM 
development. Firstly as mentioned in section 4.9.1 they have been proven to 
improve the TE properties and secondly annealing experiments at the operating 
temperature needs to be performed to know their short term and long term 
behaviour as discussed in section 4.9.2.
Thus on the one hand a homogeneous sample with high density could be 
produced but on the other hand a good electrical conductivity as anticipated was 
not obtained. This contradictory phenomenon led to an investigation of the 
impurities, if  any, in the sample. Many workers had reported before that the
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impurities from mechanical alloying are small and do not alter the properties 
significantly84. However, some workers have found that in the case of Si-Ge 
alloys the impurities, in particular oxygen, do affect the electrical properties85.
In the case o f our samples, sometimes in the SEM/EDXS some presence of Fe 
and Co were noticed. But this was supposed not to degrade the properties by 
such a large amount86. So RBS experiments were performed to get the elemental 
analysis if  the low at wt materials could be found. It was seen that in many of 
the samples a substantial amount of oxygen was noticed as seen in Figure 4.12. 
The details o f further experiments performed and the results obtained have been 
described in the next chapter.
Energy (MeV)
Figure 4.12: RBS analysis of a typical sample. The fitted curve corresponds to 
Si:0.657, Ge:0.136,0:0.204 and B:0.002.
Annealing experiments as performed before need to be done in case of materials 
at a suitable stage of development. Prior to this, however, it is important to 




MEASUREMENTS OF ELECTRICAL PROPERTIES OF SI - GE TEM
5.1 Introduction
Besides mechanical and chemical stability the most important properties of 
interest in assessing a thermoelectric material are Seebeck Coefficient, Electrical 
resistivity and the thermal conductivity. Since higher temperatures are involved 
in measurements some times they can alter the properties irreversibly. So 
ideally all three properties should be measured simultaneously on the same 
sample at all temperatures o f operation. However in practice such a 
measurement setup will not be available in most cases. As such the experiments 
should be done with a great care.
In thermoelectric device applications contact resistance plays an important role 
and this also has to be measured. To perform these activities two set-ups one (1) 
the Electrical Resistivity Measurement Apparatus (ERMA) and (2) the Thermal 
Conductivity Measurement Apparatus (TCMA) were designed. The ERMA can 
be used to measure the electrical resistivity and the contact resistivity of the 
sample. The ERMA was experimentally validated and was used to measure the 
electrical resistivity of the samples obtained. The TCMA has not been used 
because the electrical resistivity measurements indicated that further 
improvement in the processing parameters are required to obtain samples with 
good electrical properties.
This chapter starts with a theoretical basis for the measurements of major 
thermoelectric parameters and highlights some of the important points to be 
taken into account during measurements. Next some of the methods used 
specially to measure the properties of the Si-Ge TEM are briefly described. The 
method used during this project is explained and finally the experiments and the 
results are discussed in detail.
5.2 Major factors influencing the measurements of a TEM
The performance of a thermoelectric (TE) device is governed by the following 
material parameters: Seebeck coefficient, S; Electrical resistivity, p; and 
Thermal Conductivity k . These parameters and their variation with temperature
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throughout the operating range are the major parameters in developing TE 
materials or designing and analysing TE devices87. It should be noted that the 
measurements are done at high temperatures. Also the temperature sensors 
(thermocouple wires), voltage probes and the environment surrounding the 
experiment are themselves involved in the process. These facts suggest that a 
great care is necessary to avoid appreciable errors. Some of the possible errors 
in measurements of the three parameters are briefly explained below.
5.2.1 Seebeck coefficient (thermo-power)
The basic parameter as required to measure the Seebeck coefficient is the 
electrical potential gradient produced by a temperature gradient in the sample. 
Usually errors originate in the measurement of the temperature gradient. In 
some apparatus the thermocouples are placed on the sample itself to measure the 
temperature gradient along the sample (to avoid the error due to thermal contact 
resistance between the sample, the heat source and the sink). In such a case 
some heat passes through the thermocouple wires by conduction and from the 
walls o f  the enclosure by radiation. To minimise these errors the specimen 
enclosure could be evacuated and an extremely fine thermocouple wires with 
low thermal conductivity can be used. The error can also be avoided by 
maintaining the thermocouple leads at the same temperature as the junction.
In the case o f a poor thermal conductivity material (eg. a good TEM) the 
thermocouples employed to measure the temperature gradient are usually placed 
in the heater and the sink. In such a case the heater and the sink must be a very 
good conductor and the surfaces o f the sample be clean and there should be a 
good thermal contact.
When the average temperature of the sample during measurement is 
considerably different from that of the reference junction it will be good to use a 
differential thermocouple to find the temperature gradient. One of the junctions 
of the differential thermocouple must be electrically insulated from the sample 
and its contacts. In the present work this method has been used to measure the 
Seebeck coefficient. Theoretical basis of measurements is briefly described in 
Section 5.4 below.
Also in measuring the potential gradient, an error might originate from the fact 
that the voltage measuring leads or probes themselves have a Seebeck 
coefficient. So if this error is appreciable then their Seebeck coefficients at the
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measurement temperature are to be known for correcting the measured potential 
gradient.
5.2.2 Electrical resistivity
The usual method o f measuring electrical resistivity is the well known method of 
passing a known current I through the IE M  and measuring the voltage drop V 
between two probes on the sample. When the probes are separated by a distance 
L parallel to the axis o f the current flow the resistivity is then given by
V.L
e = LA (5.1)
where A is the cross-sectional area of the sample.
Two sources o f error are present in this method. The first is the Seebeck voltage 
produced by the temperature gradient in the sample, which could be present in 
the sample or be produced as Peltier heat absorbed or liberated. This is normally 
avoided by using a.c. measuring current. However at low frequencies the TEM 
may have faster response in heating effects where as at very high frequency 
sometimes a.c. can introduce capacitance and inductance effects.
The second source of error is the contact resistance. Eqn. 5.1 is in general valid 
only if  the current distribution is uniform and the current is parallel to the axis of 
the current flow. In short samples (typically prepared by powder metallurgical 
techniques eg. pressing and sintering) it is difficult to get a uniform current 
distribution. It is desirable that the current contacts at the ends of the sample 
have a contact resistance that is uniform and small over the entire area of the 
contact. In the absence of a good contact it is necessary to obtain a long sample 
(relative to the cross-sectional area).
5.2.3 Thermal conductivity
The most difficult TE material parameter to measure is the thermal conductivity, 
k . It is defined by the following equations:
Q L
K "  A.(T1 - T2)
where Q = Heat flow between the points defined by T1 and T2
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The difficulty in measuring T1 and T2 is as discussed earlier. It is also similar 
to the 4-probe problems as discussed in the case of the electrical resistivity 
measurement that is, the temperature differential T1-T2 must be that due solely 
to the TE material and not as a result of thermal contacts. If  a 2-probe method is 
used consideration must be given to insure that the measured temperatures are 
truly representative o f the temperatures of the TE material under test. As with 
the electrical measurements, the contact resistance must be sufficiently low so 
that it can be neglected.
The primaiy reason why K measurements are so difficult is that the 
measurement of Q is very difficult to determine. Heat will flow all the time 
between any two points at different temperatures, even in vacuum.
If a heater is used to create a heat source, some of its heat will flow into the 
environment as well as through the TE specimen. 'Relative' measurements are 
often used by sandwiching a 'known' standard in series with the specimen and 
measuring the temperature gradient within it to 'calibrate' the heat flow. Again, 
this does not preclude the temperature measurement and thermal contact 
resistance problems plus the loss of heat along the way. It also is dependent on 
the accuracy of the standard which may be questionable in itself.
There is one important factor in characterising a TEM. Measuring k  on one 
instrument, p on another and S on yet another is not very desirable and can 
produce serious discrepancies. Some times such multiple handling of the 
specimen at a range o f temperatures induce doping changes from one test to the 
other. This could completely misrepresent the actual performance of a TEM. 
Similar error can arise if different samples from different tests are used to 
characterise a TEM.
5.3 Usual methods for measurements of TE parameters
Researchers have described several methods for measuring thermoelectric 
parameters. When above information is taken into account the method selected 
depends on several factors including the particular material (anticipated 
properties), its size, temperature range and the accuracy of the measurements 
required. Brief description of the outline of various measurement methods is 
given below. The details are available in several references14’46 34’82.
5.3.1 Thermal conductivity
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Several methods are available for the measurement of thermal conductivity. 
They can be divided into steady and non-steady state methods, depending on 
whether or not the temperature distribution in the sample is time dependent. In 
steady state methods the temperature gradient obtained under steady conditions 
when a known heat flux passes through the sample is measured. An inherent 
drawback of this method is the difficulty o f allowing for heat losses. This 
applies to thermoelectric materials which are poor conductors of heat; radiant 
heat losses may be large in comparison with the heat being conducted along the 
sample. In comparator methods the disc-shaped sample of unknown thermal 
conductivity is sandwiched between discs of known thermal conductivity 
materials and, the temperature gradient in the unknown disc and the two 
standards is then measured. These methods are more suitable for measurements 
of thermoelectric materials.
Non-steady or dynamic methods enable radiation effects to be eliminated 
relatively easily. Such methods are widely used in measurements of 
thermoelectric materials. These techniques generally involve the measurement 
of thermal diffusivity ( 6 ) ,  which is related to the thermal conductivity ( k ) ,  
according to the following relationship.
k  = 5 Cp
Cp, the heat capacity per unit volume at constant pressure is given by Cp’p; Cp’ 
being the specific heat and p the density. Measurement of thermal diffusivity is 
mostly based on the method developed by Angstrom in which a periodic heat 
input is supplied to one end of a bar shaped specimen. The resulting 
temperature wave is attenuated as it moves along the sample. If 5i is the ratio of
the amplitudes of the wave at two positions separated by a distance 1 and the 
phase difference between these positions is cp then
? _ co!2 
6 21n51.cp
Depending upon the way in which the periodic heat input is generated and 
presented to the sample there are several modifications.
For measurements on short samples or discs, above method would be unsuitable 
and the flash technique is used. In this technique the front face of the sample is 
subjected to a short burst of radiant energy. The source of energy is usually a
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xenon flash tube or a laser. The resultant temperature history on the back 




Where a is the sample thickness and t i /2 the time taken for the back surface 
temperature to reach half its maximum value. In a typical thermal diffusivity 
measurement by this method the reproducibility of the measured thermal 
diffusivity at room temperature is ±2%.
Thus for measuring thermal conductivity there are static and dynamic methods. 
Thermoelectric materials are usually poor thermal conductors so it is usual to 
employ samples of short length and large cross-sectional area in determining 
their heat conductivities86.
5.3.2 Electrical resistivity
Numerous techniques have been employed in the measurement of electrical 
resistivity and many of them have been specially modified to satisfy the 
conditions dictated by the thermoelectric materials being investigated. Basically 
there are 3 main techniques which are employed in measurement: 1) direct 
current, alternating current and chopped direct current techniques88. All three 
techniques involve the measurement of voltage, whether it be the voltage drop 
across the sample on passing a known current (see 5.2.2) or the Hall voltage Vh 
generated as a result of applying a magnetic field in the appropriate sample 
direction.
5.3.3 Seebeck Coefficient
The Seebeck coefficient and the thermal conductivity can be measured 
simultaneously. Usually the two thermocouples are employed to measure the 
temperature difference between the ends of the sample for measuring thermal 
conductivity. Measurement o f the potential difference between like wires of 
the two thermocouples will enable one to obtain the Seebeck coefficient of the 
sample material with respect to the thermocouple material.
Rapid procedures for evaluating S have also been devised which are based upon 
the simultaneous measurement of AT and AV as AT is increased slowly.
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5.4 Method used for this w ork
To optimise the time and the resources during the planning stage, the guidelines 
for developing measuring equipment and procedure to establish the properties of 
the prepared Si-Ge TEM, were as follows.
1 Confirm that the material is a semiconductor and check the type of its 
majority charge carriers (p- or n- type). This was done by using an apparatus 
designed to measure Seebeck coefficient (thermo-power). This also gave the 
indicative Seebeck coefficient of the sample.
2 Measure the electrical resistivity and isotropy (uniformity) of the sample 
at room temperature. If it is found within a satisfactory range measure the 
resistivity at higher temperatures.
3 When above values are in a satisfactory range perform thermal 
conductivity measurements. The TCMA designed will also be able to give an 
independent accurate measurement of the Seebeck coefficient at high 
temperatures.
As described below the stage 3 was not required because the electrical resistivity 
at room temperature was too high for the material to have promising TE 
properties in the temperature range of interest.
5.4.1 Seebeck coefficient (thermo power) and the type of the 
semiconductor.
The first apparatus used to estimate the electrical characteristics of the sample 
was an apparatus89 which used the technique based on deferential thermocouple21 
to find the Seebeck coefficient (see 5.2). The apparatus basically consists of a 
heat sink on which a thick copper rod was placed. The sample to be measured 
was placed on the copper rod and the top plate, carefully clamped from the plate 
by a screw. A thermistor was placed on the sink to measure the reference 
temperature. The top plate in contact with the sample is temporarily heated with 
a soldering iron. Then its temperature goes up and the difference in temperature 
in between this and the sink gives rise to a voltage which goes down as the top 
plate cools. The temperatures and the corresponding voltages produced are
noted.
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One o f the most important basic laws o f thermoelectric phenomena is the law of 
Magnus. For a couple whose arms are homogeneous, isotropic materials, the 
Seebeck em f is independent o f the temperature distribution within the materials 
and depends only on the temperatures at the junctions.
For chemically and physically pure samples above law has been shown to be 
valid14.
S a « T l) = lim Vab( T2,T1) 
T2~T1 (T 2 -H )
= iim Fa6(Tc,T2)-Ffl6(Tc,Tl) 
T2~T1 (T2-T1)
where T l, T2 and Tc are arbitrary temperatures. Vab is the open circuit 
potential difference between the two sides of the material having temperatures 
Tc on one side (and T l or T2 on the other).
Two things are to be noted from the above relation. This equation shows that 
Sab (Th) defined does not depend on the reference junction temperature Tc but
is a function o f Th only. The Seebeck coefficient is often defined by the above 
equation. In order to measure S one junction o f the couple must be held at a 
fixed temperature Tc and the voltage V measured as the temperature of the other 
junction is varied. The data obtained must be differentiated. The data must be 
taken carefully since small errors in the data lead to large errors in the 
derivative. Also in most cases a Tc must be determined in order to make 
corrections for the inevitable changes in Tc during the experiment.
In addition to an indicative estimate o f the Thermopower (Seebeck coefficient) 
this experiment also gives the type o f the charge carriers present (p-type or n- 
type). The accurate measurement of the Seebeck coefficient at high 
temperatures were planned to be done along with the thermal conductivity 
measurement in the TCMA. Nevertheless this experiment gave the important 
information about the prepared Si-Ge TEM and their semiconducting properties. 
Measurements of Seebeck coefficient using this technique gave values similar to 
those reported in the literature (80 to 240 micro-V/°C at 27°C)2. A typical set of 
measurement data and analysis is given in Appendix 5.
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5.4.2 The Electrical Resistivity Measurement Apparatus (ERMA)
After confirming that the material obtained is a good semiconductor the next 
step in TEM preparation was to accurately measure its electrical and thermal 
properties. One of the important parameters to be accurately measured is the 
electrical resistivity. Because of the non-availability of the suitable apparatus 
for measuring electrical resistivity for thermoelectric use, an ERMA was 
designed and built. The ERMA can be used to measure resistivities at higher 
temperatures (designed 300 °C) and to measure the uniformity of the resistivity 
at various points in the sample. In addition it can be used to measure the contact 
resistivity of a sample sandwiched between integrated contact electrodes. This 
is because in practical thermoelectric generator there are contact electrodes in 
both sides of the TE element the resistivity of which will be also very significant 
in the final TEG design. In addition if a TEM is made with integrated contacts, 
measurement of all properties could be easily and reliably done in the same 
sample for reliable characterisation1. The role of the contacts is described in 
detail in the next chapter. Considering this the design of the ERMA was done to 
accommodate this criterion. Following paragraphs describe the design and the 
building of the ERMA.
5.5 Description of the ERMA
The sample is sandwiched between two small gold plated copper rods where a 
current is allowed to flow. A thermocouple (T.C.) is placed in one block in one 
little hole. The thermocouple is electrically insulated by allowing it to be 
supported by a small alumina sleeve. The reference voltage probe is fixed on 
one side of the sample and the other is a travelling probe connected to a 
manipulator whose movement or relative position is recorded accurately with the 
help o f a linear transducer. Varying the position of the travelling probe the 
voltage drop between the fixed voltage probe (on one side of the sample) and the 
position of the travelling probe can be measured. To reduce errors the 
measurement of the voltage drop is done with a lock-in amplifier which selects 
and uses only the selected input frequency signal rejecting all noises to give an 
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Figure 5.1: A schematic diagram showing the measurement set-up for electrical 
resistivity measurements. More illustration of the ERMA together with the 
photographs of the experimental setup and the ERMA itself in assembled state, is
given in Appendix 6 (A-C).
The gold plated copper rods (which work as the current input leads) are attached 
to ceramic spacers which is suitably connected to a spring loading system. This 
technique can provide and ensures the required contacts between current input 
leads and the sample. The gold plated rods are surrounded in sides and bottom 
by a chrome plated copper block. This copper block can be heated to maintain a 
desired temperature in the sample by a 200 watt heater wire surrounding it. All 
these components are surrounded on sides and the bottom by thick insulating 
materials. An outer aluminium sheet is used to enclose the whole system as well 
as to mechanically support the spring system.
5.5.1 The design
The immediate requirement for the design of the ERMA was to be able to 
measure the electrical resistivity at room temperature. If it would be OK then 
the higher temperature measurement would be necessary. Also important to
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measure is the variation of the electrical resistivity within the sample to know if 
the sample is isotropic.
In a practical TEG application there would be a contact electrode on each side of 
the TEM and as such it is necessary to measure the contact resistivity. Even for 
measurements a good contact electrode will make the measurement process 
easier by making the current density uniform across the sample.
Si-Ge TEM are intended for operation up to 1000 ®C. Measurement apparatus 
and their design to measure thermoelectric properties up to that temperature 
level are more complicated and require more time and resources. Developing 
such systems would be effective and justifiable only when the measurement at 
lower temperatures (which require less resources and time) would be promising. 
When there was the success in getting high density homogeneous samples the 
design o f the ERMA and the TCMA was started. During the designing process 
all above factors were taken into account. They were designed for 
measurements up to around 400 °C (limited by the chrome plated copper block 
and the gold plated copper rods).
5.5.2 Analysis
The analysis similar to that done for the design of the PASF (based on heat 
balance conditions at the steady state) was performed to estimate the thickness 
of the insulation and the required heater size. The materials were selected such 
that they are suitable at high temperatures. The copper block surrounded by a 
commercially available heater wire was chrome plated to avoid oxidation at high 
temperatures. The small copper rods leading the current to the sample is also 
gold plated for the same purpose. The insulating material is the same as in the 
PASF.
The travelling probe had to be specially constructed because at the temperature 
of operation it should be strong enough to give a good contact. For this purpose 
a thick tungsten wire was used and its tip was made pointed by using a chemical 
method as described in section 5.5.3. The movement of the travelling probe is 
accurately controlled and monitored with the help of a manipulator and a linear 
transducer (its calibration is given in section 5.5.4)
The power input to generate the required current is obtained from a pulse 
generator through a transformer which can eliminate the waveform distortion in 
the input signal as measured in a oscilloscope. In earlier experiments when this
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transformer was not used the waveform o f the input was erratic (most probably 
due to harmonics in the supply systems). The validation of the ERMA was 
performed by measuring a  previously measured sample of bismuth telluride 
along with its contact resistance (see 5.6). The complete ERMA is as shown in 
the photo in Appendix 6 (C).
5.5.3 M aking of the tungsten probe
Thick tungsten wires of 0.5 mm were electrolytically treated to obtain sharp 
points at one of the ends o f  each wire so as to get a good electrical probe that 
would be strong and be able to make a good contact with the sample even at 
high temperatures. To perform this experiment the following procedure was 
used.
Two tungsten wires were connected to a connector the other ends of which 
received electrical power from a power supply. A resistor was in series with one 
of the lead wires and the voltage across the resistor was monitored to measure 
the current. The voltage applied was also measured. The open ends of the 
tungsten wires were dipped in a carbon tetrachloride (CTC) solution over which 
a layer of about 3 mm of sodium hydroxide at 10% concentration in water was 
floating. The tungsten wires slightly penetrated the CCI4 . AC power of about 5




Figure 5.2: Experimental setup for the preparation of the tungsten travelling
probe in the ERMA.
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In such a situation a current of about 250 mA flows through the elecrolyte at the 
start and diminishes gradually until after about 20 minutes the extremeties in the 
CTC fall off and a sharp tip results. The experimental setup is schematically 
shown in Figure 5.2. The experiment is continued for few seconds to cause a 
slight rounding o f the sharp tip produced.
5.5.4 Calibration of the linear transducer
An axial type linear displacement transducer was used to accurately measure the 
relative distance travelled by the travelling probe. The transducer has a non 
rotating spring return actuator running in a precision linear ball bearing which 
provides a repeatability of measurement o f better than 0.15 micron. At first the 
transducer was calibrated to convert its voltage reading to the distance travelled. 
The manipulator where the transducer is mounted moves a distance of 1 mm 
when the screw used to move the manipulator completes one full turn. Taking a 
number of readings in both directions of travel it was found that a change in the 
reading of 0.3 volts corresponds to a travel of 0.5 mm.
5.6 Experiments and observation
During measurements always it was tried to measure the resistivity and its 
variation across the semiconductor. This could be conveniently done with the 
travelling probe mechanism. At first, the original reference probe was used 
which passes through inside the central part of the ceramic and the current 
leading gold plated copper blocks as shown in Figure 5.1. In the case of a TEM 
with good contacts this mechanism allows examining the variation of resistivity 
at different parts in a sample. The ERMA was tested for its validation with a 
sample whose electrical resistivity and the contact resistivity of the integrated 
contact were already measured by different equipment.
5.6.1 Validation of the ERMA
A bismuth telluride thermoelement with bonded contact electrodes was used in 
the ERMA. At first the travelling probe was moved to various locations to see if  
the current density was not uniform. There were no measurable changes in the 
reading when the probe was moved to another position at a direction normal to 
the axial direction (of the current flow). After this a number of readings were 
taken and the value of the resistivity obtained (1.369 milli ohm cm) was similar 
to the originally obtained values90 (1.42 milli-ohm cm). The previous 
measurements in similar (or same) sample are described in reference .
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5.6.2 Normal operation
The high density pellets, after characterisation for charge carrier type and 
approximate Seebeck coefficient, were characterised using the ERMA. The 
usual procedure for this is that at first the pellet is polished flat with up to 1200 
grade wet and dry emery paper. It is then placed in between the gold plated 
blocks which would be screwed in to get consistent reading in the digital 
multimeter. The clamping o f the pellet is done until the resulting current is 
unaltered. It should be noted that for a TEM with a good metallic contact this 
process is not that important because immediately the current reading reaches its 
maximum possible value even with a little pressure.
Thus after obtaining a maximum possible contact for leading the current through 
the sample, the travelling probe is made to touch a desired location on the 
sample. Normally a microscope is used to view the sample at high 
magnification, which helps during the traverse o f the probe. The probe 
measures the voltage drop from one side o f the pellet where the reference probe 
is connected with spring loading mechanism (to secure its connection with the 
sample). By moving the travelling probe at different points away from the 
reference probe on the sample (longitudinally) and in a transverse direction, the 
resistivity (voltage drop due to the current) and the uniformity of the current 
distribution in the sample can be measured.
If the contact to the material from the gold plated block is good and the material 
is completely isotropic the transverse traverse should not change the voltage 
drop. The measurement is repeated by changing the sample position such that 
the travelling probe would be able to explore other points across the sample. It 
would be done to cover almost all locations so that a good knowledge of the 
resistivity and its uniformity in the sample is obtained.
A typical measurement o f a Si-Ge alloy sample is described in the table below.
The current was 0.909/5 A (0.909 V measured on the 5 ohm resistor in series 
with the sample)
It is seen that there is a large drop across the contact. And also the resistivity is 
very high as estimated below.
Measured resistance = (105 - 60)/(0.909/5) — 247.525 mohm
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As 0.3 V = 0.5 mm, (0.6322-0.2177) V corresponds to the length 
0.5/0.3*(0.63222-0.2177) = 0.69087 mm = .07 cm
With 10 mm diameter pellet A/l = 3.142/4/.07 = 11.221
resistivity = 247.525*11.221 = 2777.478 m ohm cm




No pellet (gold plated electrode touched 
together)
0.5 micro V
With pellet probe on left end 45 0.0149
Probe on middle 60 0.2177
Probe on right end of the sample 105 0.6322
When reversed back
Probe on right end of the sample 49 -0.7837
Probe on middle 74 -0.3794
Probe on left end 105 -0.0094
Thus the role of the contact resistance and the uniformity of the current density 
in the sample, which was always thought to be important and on the basis of 
which the ERMA was designed was confirmed by this set of experiments too. 
This led to a series o f analytical and experimental studies in regard to the 
making of the contacts and the reliable measurements of the thermoelectric 
properties. Thus the importance of appropriate contacts in a TEM lies not only 
for the operation of the TEG regarding its performance but also for measuring 
purposes. The details about the importance and the research work performed 
about contacts are discussed in the next chapter. At the next stage of 
measurement process the pellet was sandwiched between two copper discs with 
the help of a high temperature conducting adhesive as shown in Figure 5.3.
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Figure 5.3: The sample pellet with the copper disks. The position of the reference
probe is also shown schematically.
The two copper discs were put to make sure the current density in the different 
part of the sample would be uniform in the axial direction. In some samples the 
two faces of the sample were silver painted and the measurements were taken. 
Also to avoid the effect o f contact resistance the reference probe mechanism was 
changed. The reference probe was fixed to one end of the sample pellet as is 
seen on Figure 5.3. The results of the measurements taken did not suggest that 
the current density is uniform through out the sample. Below in Table 5.1 one 
of the many sets o f measurement data is given for reference.
From the table it is seen that the resistivity values highly differ from as low as 
400 micro-ohm cm to nearly 30 milli-ohm cm. They vary in the traverse 
directions of the travelling probe and the position of the traverse path along the 
circumference of the sample. A number o f measurements like this gave similar 
results which showed clearly that the current density is not uniform or the 
material resistivities differ at different points. At the next stage of measurements 
a way of measuring the resistivity was used based on the standard four point 
measurement. The effect of electrical contact in the current density distribution 
in the sample is avoided by making the sample long and ensuring that the probes 
for measuring the voltage drop are far away from the ends (see section 5.2 
above).
Initially an attempt to section the pellet was avoided in order to maintain the 
geometry of the pellet so that the same pellet could be used for measuring 
thermal conductivity and thermo-power as discussed in section 5.2 above. 
However, to know the actual resistivity of the samples to be measured they had 
to be cut into a small rectangular bar shaped form. This is to allow the specimen 
to be long enough to put the probes far away from the ends (compared to its
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cross sectional area) in order to avoid discrepancies due to poor electrical 
contacts. The basic scheme was as illustrated in Figure 5.4.
Table 5.1 The measurement of electrical resistivity of a sample sandwiched
between two copper discs.




Diameter of the 
sample
0.995 cm







Lock-in reading Resistivity of the 
sample
V V micro-V micro-ohm cm
Traverse from lef to right
0.599 -0.201 32
0.599 -0.303 35.5 -1256
0.599 -0.405 44 -3051
0.599 -0.5 46 -771
0.599 -0.6 47 -366
Traverse from rig it to left
0.599 -0.6 45
0.599 -0.499 41 -1450
0.599 -0.396 38.5 -889
0.599 -0.299 36 -943
0.599 -0.201 33 -1 1 2 1
Traverse at anot 
right
ler place left to
0.598 -0.202 28
0.597 -0.401 76 -8852
0.597 -0.503 118 -15124
0.597 -0.611 180 -21085
Traverse from rig it to left
0.597 -0.698 260
0.597 -0.502 109 -28296
0.597 -0.202 24.5 -10345
0.597 -0.096 14 -3638
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Figure 5.4: Schematic arrangement of the rectangular bar shaped sample and the
fixed reference electrode.
To cut a pellet into a small bar shape, at first a silicon carbide wheel was used. 
It was difficult to obtain a good parallel surface with this system and so later, a 
diamond wheel cutter with a provision for three dimensional movement was 
used to obtain samples with parallel surfaces for measurement purposes. In 
addition the end faces of the bar shaped samples were also painted with a silver 
paint.
5.7 Results and discussion
The results of the measurements done in four samples are given in Table 5.2 (A­
D). For all 4 samples, two sets o f measurements are given. In the first set, after 
measuring the voltage drop when the travelling probe was on a position the 
reading in the lock-in amplifier was set to zero. In the second set the reading 
was not reset to zero. The results showed that the resistivity values obtained for 
the same sample are similar in magnitude for the probe at different locations. 
The variation in the resistivity values are less than 13%.
For the sample AS10P8, the lowest value measured is 3.22 and the highest 
measured is 3.62 which is 12% higher. For the sample AS8P3 the smallest value 
observed is 5.04 and the highest is 5.39 which is 7% higher. For the third set, 
the difference is just 6.4% higher. The 4th set AS10P22 has variations around 
12%. Some of these variations may be attributed to possible error during 
maximum phase adjustment in the lock-in amplifier. Despite the variations all 
of them have high resistivity typically greater than 4 milli ohm -  cm (mohm - 
cm). These are well above the expected room temperature resistivity of less than 
or at least around 1 mohm - cm.
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Table 5.2 The measurement of electrical resistivity of few rectangular bar shaped
samples.
(A)ERMof AS10P8
Area of the sample width (cm) height (cm) Area (sq. cm)
0.152 0.17 0.02584
Voltage across the 
4.7 ohm resistor (in







Traverse from left to right
All readings defaulted to zero before next reading (Lock-in reading not
cumulative)
0.6407 0.3 0.92
0.6397 0.6 0.85 3.22
0.6385 0.9 0.95 3.61
0.635 1.2 0.95 3.62
0.635 1.5 0.92 3.52
No zero default (Lock-in reading is cumulative)
0.632 1.5 5.6
0.631 1.2 4.7 3.46
0.629 0.9 3.85 3.28
0.629 0.6 3 3.28
0.628 0.3 2 .12 3.40
(B)ERM of AS8P3
Area of the sample width (cm) height (cm) Area (sq. cm)
0.158 0.165 0.02607
Voltage across the 








Traverse from left to right
All readings defaulted to zero before next reading (Lock-in reading not
cumulative)
0.765 0.3 1.12
0.765 0.6 1.63 5.22
0.765 0.9 1.62 5.19
0.765 1.2 1.62 5.19
No zero default (Lock-in reading is cumulative)
0.764 0.3 2.35
0.764 0.6 3.92 5.04
0.764 0.9 5.6 5.39
0.764 1.2 7.25 5.29
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(C) ERM of AS9P7
Area of the sample width (cm) height (cm) Area (sq. cm)
0.138 0.13 0.01794
Voltage across the 








Traverse from left to right
All readings defaulted to zero before next reading (Lock-in reading not
cumulative)
0.678 0.3 1.85
0.678 0.6 1.82 4.53
0.678 0.9 1.79 4.45
0.678 1.2 1.85 4.60
No zero default (Lock-in reading is cumulative)
0.6786 1.2 9.7
0.6786 0.9 7.8 4.74
0.6786 0.6 5.9 4.72
0.6786 0.3 4 4.72
(D) ERM of AS10P22
width (cm) height (cm) Area (sq. cm)
Area of the sample 
(width*height)=
0.154 0.148 0.022792
Voltage across the 








Traverse from left to right
All readings defaulted to zero before next reading (Lock-in reading not
cumulative)
0.665 1.2 2
0.665 0.9 2 -6.44
0.665 0.6 2 -6.44
0.665 0.3 2 .1 -6.77
No zero default (Lock-in reading is cumulative)
0.667 0.3 3.75
0.667 0.6 5.7 6.26
0.667 0.9 7.9 7.07
0.667 1.2 9.9 6.42
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Thus despite the high density and homogeneity the electrical conductivity of the 
samples are poor. Some attempts to improve this by annealing could not 
improve the conductivity significantly. This made the work on the thermal 
conductivity apparatus redundant. Then an investigation was started to find out 
the reason for this discrepancy. First Hall effect measurements were performed 
to estimate the charge carrier concentration. In the process, the electrical 
resistivity also was estimated and confirmed the measurements performed by the 
ERMA above. For example the electrical resistivity obtained in one of the 
samples was 4.1 mohm-cm.
The Hall effect measurement was done using Van der Pauw technique. A 
charge earner concentration of 1 .347* 1019 cm"3 was obtained. Also it was 
considered that because of the high charge carrier concentration (for the 
particular instrument setup) the value obtained was an approximate estimate 
only and the true values may be much higher. The above value is already 
similar to the optimum value of the charge carrier concentration theoretically 
calculated for the maximum figure of merit16.
The other factor affecting the resistivity was the impurities. As the SEM/EDXA 
technique did not show significant amount of impurities and is unable to show 
the presence of low atomic weight elements, RBS experiments were performed. 
The RBS spectra analysis with the help of the standard software RUMP, showed 
that in the samples there is a significant amount of oxygen present. A typical 
RBS spectra is as shown in Figure 4.12.
In a typical sample the amount of oxygen present was around 20 %. This could 
explain the degradation in the electrical conductivity. The presence of 0 2 in the 
form o f S i02 is known to reduce the mobility of the charge carriers. Also this 
inhibits the diffusion process and there will be poor sintering. This may also 
contribute to the non-uniformity in the electrical resistivity. Several workers 
have reported S i0 2 contaminations in the hot pressed Si-Ge alloys but very few 
have discussed the effect on the thermoelectric properties.
It is known that because of the heats of formation of Si02 which is large and 
negative (-878.6 kJ/mole) the formation of this compound is thermodynamically 
favoured. Studies by Gosele and Tan show that oxygen precipitates in silicon 
consist o f either amorphous or crystalline SiOx91. Since oxygen solubility in 
silicon is approximately 10 18 cm"3 (0.002 at %) near the liquidus, virtually all
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excess oxygen is expected to exist as a second phase compound. Doremus 
showed that in an oxidised silicon-germanium mixture the silicon is oxidised, 
but not the germanium92. The presence o f these second phase oxides is likely to 
manifest itself in a slight shift o f the lattice parameter as silicon is oxidised. The 
bulk composition of the alloy is shifted towards a more germanium-rich value.
The effect o f  these second phase impurities on the transport properties must be 
identified. The presence of neutral second phase impurities can lower carrier 
mobility through impurity scattering by increasing the number of grain boundary 
potential barriers, if a sufficiently fine-grained microstructure is produced. 
Normal solid-phase sintering is a diffusion-controlled process and proceeds 
through the reduction of surface energy. Oxides can reduce diffusional transport 
during sintering so that a heavily oxygenated specimen may show limited grain 
growth if the oxide is well dispersed.
The thermal conductivity would also be expected to decrease with an increase in 
the concentration of neutral second phase impurities. In semiconductors doped 
to a level o f 10^0 cm-3 or higher, a decrease in the electronic component of the 
thermal conductivity would account for most of the observed reduction in total 
thermal conductivity in large grained alloys. The lattice thermal conductivity 
would be affected to a lesser degree from phonon-impurity scattering provided 
the impurity density is sufficient to affect the mean free path of acoustical 
phonons in the solid at a given temperature. Grain boundary scattering as 
determined by the microstructure is not a significant contribution to the lattice 
thermal conductivity at the typical operating temperatures of thermoelectric 
power generation.
Some studies have discussed the presence of oxygen on Si-Ge alloys prepared 
by mechanical alloying93. Despite the fact that the actual mechanical alloying 
process occurred under helium gas in a sealed vial they found that the largest 
single source of oxygen contamination appears to be the MA-to-hot pressing 
sequence. During this phase approximately 0.5% oxygen is picked up85. It 
should be noted that the presence of 0 2 is not always understood. Some 
researchers have found that in some cases the amount of 0 2 present was 4 times 
higher than the expected values94. Since little admission of atmosphere into the 
vial is expected due to the O-ring seal, it was believed that the primary 
contributing factor of the oxygen pickup during this step is believed to be the 
glove box environment. This is introduced into the vial along with the starting 
materials and within which the fine post-MA powders are handled.
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The experiments performed here differ mainly in two processes. We have used 
controlled mechanical alloying, which takes longer hours than commercial 
mechanical alloying technique as used in the above experiments. And also we 
have used cold pressing and pressure-assisted sintering process to compact the 
powder. In the result, despite other good properties a large percentage of 
oxygen (~ 20%) was observed in a typical sample.
At the next step an experiment was performed to find out if the PAS process is 
responsible for this high level of oxygen presence. In the experiment Si, Ge and 
B in the same composition as was used before during mechanical alloying and 
from the same source, were melted in vacuum. It was then ground and the 
powder was pressed and sintered in the PASF using exactly the same parameters 
as done before in the case of the mechanical alloyed highly dense samples. 
After the PAS the pellet was cleaned as usual and then the pellet was 
sectionalised using the diamond wheel to obtain a rectangular bar shaped 
specimen with parallel surfaces.
The pellet was put in the ERMA and its electrical resistivity was measured in all 
faces. The observation and data analysis is shown in Appendix 9. The results 
are summarised in Table 5.3 below.
Table 5.3: Average resistivities measured on the sample prepared using ground
vacuum melted Si-Ge powder.
Location o f the travelling probe Average 
resistivity in 
micro-ohm cm
1st face, along one line 769
The same line as above but, reverse traverse 769
1st face, second line 736
The same line as above but, reverse traverse 738
1st face, third line 798




The result clearly showed that the resistivity of the sample is well below 1 m- 
ohm cm. Above result indicated that the PASF is not the primary source of the 
oxygen pick up. Thus it seems that in our case, too, the major source of oxygen
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is during the processing prior to the PAS. However, it is difficult to comprehend 
the fact that there is > 15 % oxygen in our case as compared to less than 3% in 
the reference. The possibilities include the more amount o f oxygen content in 
the materials and the accessories for handling.
If, somehow, the duration of milling is responsible for the pick up of stray 02  in 
Argon/Helium the observed high level of oxygen would agree with the results of 
the other people’s work. For example, a 0.5% increase in the reference where 
the milling was done for 5 hours would be consistent with the 20% (say) 
increase in the amount of oxygen in our case where milling is done for 200 
hours.
It should be noted that in one of the samples milled in vacuum+NH3 estimated
oxygen amount was 12% (see Figure 5.5) which is still too high for the expected 
good electrical properties.
E n e r g y  ( M e V )
C h a n n e l
Figure 5.5: RBS analysis of the sample milled in vacuum+NH3 environment. The 
fitted curve corresponds to Si:0.712, Ge:0.I65,0:0.118 and B:0.005.
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CHAPTER 6
CONTACTS TO SI-GE TEM
One of the major parameters determining the design of a TEG is the contact 
resistance. The contact is the interface between the TEM and the metallic 
contact which inevitably exists in a practical thermoelectric device. The contact 
electrodes work to bridge the N-type and the p-type TEM at hot and cold 
junctions of a couple or/and to bridge between many couples. Since in a 
practical TEG many (> 100's) individual couples have to connected in series or 
parallel, characteristics of the contacts greatly affect the total thermoelectric 
performance. Ideally they should have very high electrical and thermal 
conductivities.
The size of the thermoelectric material enters into the performance relation of a 
TEG as the size factor y=A/l (Area/length). Thus the performance is 
independent of a particular 1 or A. As long as A/l is constant TE performance 
will not change. Thus by decreasing 1, A can be decreased which in turn will 
decrease the total material required. However as 1 decreases the effect of contact 
resistance increases which has a deleterious effect on the TE performance 
relations. So in practice the optimal length has to be selected by trading off the 
decreased performance against the reduction in weight, volume and hence other 
criteria associated with the total system.
The importance of the contacts was given due attention since the beginning of 
this project. In parallel with the works on preparation and characterisation 
procedures o f the TEM, whenever possible and desirable, R and D on contacts 
were also carried out. Experiments and analysis included possible contact 
materials and their preparation. This chapter presents the analyses and the 
experiments done regarding the fabrication of contacts. First the effect of 
contact resistivity on the maximum efficiency is briefly discussed. Then the 
requirements in a contact and the techniques for making them have been 
reviewed and analysed. Finally the experiments performed and the results 
obtained have been described.
6.1 Effect of contact resistivity and the length of the thermoelement
In a TEG, length L affects the effective overall resistivity and also the total 
material required. The first part influences the performance and hence the
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output the later part influences the cost o f production of the TEM. So an 
optimum length has to be decided.
In TEG-performance-relations, if L is small then contact resistivity affects. Its 
effect can be incorporated in the performance characteristics if p is replaced by 
p+2pc/L. Thus the figure o f merit becomes
Z = S2/(k.( p+2pc/L))
Differentiating above with respect to L
dZ _ 
dL “ 2.s2Pc/(k.( p.L+2 pc))
From above relation it is clear that as L reduces increasingly the effect of pc
increases and the effective Z decreases which in turn influences the maximum 
efficiency of a TEG as given by the Figure (r|max vs Z).
Regarding the material requirement as L reduces (see Section 2.6) the required 
optimal areas are also reduced, which in turn reduces the total material required 
along with other accessories. For example for space applications always it is 
desired that the weight and volume of a TEG be as small as possible. For 
general purpose applications eg. for a solar power application the main 
constraint to be optimised will be the total cost. Thus the trading off of the 
reduction in Length can be with other desired parameters (requirements). 
Another important factor will be the material characteristics regarding the heat 
flux at the various parts in the system. As the length reduces the area also 
reduces and hence power flow density increases. Thus the limitations in the 
power density achievable (For example at the cold junction) also affects the 
design.
6.2 Requirement for a contact
The desirable properties o f a contact are basically as given below.
6.2.1 Very low electrical resistance.
A high contact resistance at the cold junction has the effect of lowering the 
power output to the load, the loss being transferred directly to the sink86. The
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power loss at the hot junction will be returned to the heat source. However, 
even for hot junctions high resistance is not desirable because o f the decreased 
output voltage. Also the contribution to other losses obviously increases. High 
resistance oxide layers are to be avoided.
6.2.2 Low thermal conductance
This is required to maintain a high temperature difference across the TEM with a 
particular amount o f heat flow rate at the hot junction. Also it is seen that this 
will increase the total efficiency of a TEG by increasing the mopt in eqn. 3.
6.2.3 The ability to withstand thermal shock and cycling
This is in connection with the relative thermal expansion coefficients of the 
various components at the junction. Ideally the expansion coefficients should 
match and the materials should be ductile. This will prevent the mechanical 
failure of the components. It is desirable that it also have a good shear and 
tensile strengths14. In reality a TEM - (eg. Si-Ge TEM) may be anisotropic or 
have temperature dependent thermal expansion coefficient and hence exact 
matching may not be possible. The mismatch that can be tolerated also depends 
on the ductility which fortunately is (in many cases) higher at higher 
temperatures.
6.2.4 Long life without deterioration and no harmful effect to the
thermoelectric material.
Since TEG is used at high temperatures many chemical and physical (diffusion) 
interactions are enhanced. The contact should not suffer serious chemical 
attack in the presence of the TEM or the atmosphere surrounding it. This is one 
o f the most severe problems in selecting a contact material because most of the 
TEM are often operated at a temperature at which the vapour pressure of one of 
the components is quite high. Chemical reaction of this type may lead to a high 
resistance at the junction or to a mechanical failure of the contact. It may as 
well adversely change the electrical properties of the TEM. If  vaporisation is the 
cause it can be quite severe. Some times encapsulating might help14. The 
diffusion of the components of both the TEM and the electrodes to each other 
should not be greater to the extent that they deteriorate the mechanical and TE 
properties during its life time.
6.3 A brief theory of contact
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When a metal comes into contact with a semiconductor Fermi levels line up and 
a potential barrier to charge flow is formed. A good contact, usually formed by 
depositing a metal on the semiconductor, does not perturb device characteristics 
and is stable both electrically and mechanically. It has a resistance called 
contact resistance which in many cases might be negligible95. All metal 
semiconductor contacts have a potential barrier that makes the contact 
rectifying, the lower the barrier height the better is the contact. Thus, a metal 
can not have low or zero barrier height on both n-and p-type semiconductors. A 
metal that has a low-barrier height on n-type semiconductor will have a high 
barrier height in p-type. This problem can be generally solved by using a thin 
layer of a very heavily doped semiconductor under the deposited metal layer. 
The electron tunnelling through the barrier at the interface causes a current flow 
and a nearly ohmic contact is formed.
The specific contact resistance Rc is defined as
Rc (ohm-cm2) =
dv
-4L v = 0
which is obtained from voltage (v) and current density (j) characteristics. 
Rc also depends on temperature.
6.4 Possible materials and procedures
In order to select a suitable contact material, it would be desirable to know the 
phase diagram for the system made up of the TE compounds and the contact 
material. Since these are ternary or higher order systems usually the phase 
diagrams are not available. However available binary phase diagrams can be 
consulted to speculate the various possibilities. The compatibility of an 
electrode material can be judged by comparing the free energies of formation of 
the TE compound and that of the possible metal reaction products.
Since the major element in the TEM investigated is Si and also since the TEM 
are to be operated at high temperatures the possible materials for a suitable 
contact to Si-Ge are limited. The factors influencing include a) information 
from basic research obtained by previous workers, b) high temperature 
compatibility, c) reliability (resistance to oxidation), d) low electrical 
conductivity and f) amenability for protective coatings (low emissivity as
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explained in section 2.10). Considering all these facts the most probable 
candidate material seems to be Mo or MoSi2 or a combination of both.
Information about MoSi2 and Mo on Si-Ge is very limited, however, there is a 
lot of work done on MoSi2 on Si. Since Si is the major component in Si-Ge 
alloys used the characteristics o f Mo and MoSi2 contacts on Si are likely to
dominate. Also studies have found that metal preferred Si than Ge. Therefore 
some of the characteristics of MoSi2 on Si have been briefly reviewed in the 
following paragraphs. Also given are the information on Nb and NbSi2 as they 
are also high temperature materials and if a good protective coating could be 
found they also could provide good performance characteristics.
6.4.1 Contact resistance
Research on low resistivity contacts were inspired by the development of 
smaller devices which require low-resistivity ohmic contacts. For high 
temperature operation Mo or Nb would be all right but they require protection 
against oxidising ambient. The silicides have attracted attention because of their 
low and metal-like resistivity and their high temperature stability. The 
resistivity o f silicides is obviously the most important criterion in considering 
them. Properties of MoSi2 has been as listed below.
Formed by Sintering temp. Resultant resistivity
Metal on poly silicon (Reaction) 1100 90 (micro ohm-cm)
Cosputtering 1000 100 (micro ohm-cm)
Published values as yet are: 21.8, 21.5, 21.6 and 30 micro ohm-cm
These were made by powder metallurgical technique which lead to large 
concentrations of impurities and in some cases impurity-stabilised silicides are 
formed. For NbSi2 above figures are 6.3-50.4 micro ohm-cm (for powder
metallurgical technique) and 50 micro ohm-cm (for metal on polysilicon sintered 
at 900 °C).
6.4.2 Temperature dependence of resistivity
All silicides behave like metals. Resistance increases with increasing 
temperature and conductance increases with decreasing temperature. a r = 
6.38/deg for Mosi2 in sintered materials.
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6.4.3 Stress
Silicide formation results in a net volume shrinkage. This is because of the 
stress which arises from several factors. The factors include a) lattice mismatch 
between the silicon and the silicides, b) the difference between the thermal 
expansion coefficient of the film and the substrate and c) the intrinsic stress 
related to the mechanical structure and properties of the film. In general 
intrinsic stress is the dominant component. This shrinkage could cause a large 
tensile stress in the silicide films, thereby, threatening the structure's mechanical 
stability at the siliciding temperature or during further processing. Using atomic 
volume of the reacting species and molecular volume of the product, a rough 
estimate of the volume change might be obtained (see Appendix 7).
Nb Av=25%
Mo Av=28%
The behaviour o f the room temperature stress resulting from the high- 
temperature sintering of metal in polysilicon films has been observed to be 
different for different metals.
The stress in as-deposited metal films depends on the sputtering parameters. 
The same is true for co-sputtered films. The stress is specially sensitive to 
oxygen (and nitrogen in nitride forming metals) contamination of the sputtering 
gas and the sputtering gas pressure. Stress decreases with increasing 
temperature and no hysteresis occurs (no plastic deformation) showing that once 
formed silicides should remain stable95.
6.4.4 Thermodynamic considerations
All compound formation occurs with a free energy change that is the driving- 
force for interactions between elements. Similarly stability of vapour phase 
depends on several factors; thermodynamic, environmental & kinetic.
(A) Heat of formation AHf (kcal/metal atom) of metal silicides.
Without exception, silicon-rich silicides have higher heat of formation per metal 
atom. This increase in AHf indicates the tendency of the silicides to pick up 
(kinetics permitting) with increasing amount o f silicon (see the table below). 
The trend explains the observed higher stability of disilicides.
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Si/M ratio 0.33 0.6 1.0 2.0
M3Si M5Si3 MSi MSi2
Nb 23.2 33
Mo 8 13.4 26
(B) AHf of Metal oxides
The ability of silicide to be oxidised and be stable in oxidising ambient is o f 
great interest. The oxides of VIA metals eg. Mo could be reduced by si, leading 
to a decrease in the system's free energy. Mo, Cr, W etc may pile up in the 
silicide exposed to oxidising conditions. For example in the presence of excess 
silicon when silicides are silicon rich or when they are formed on polysilicon or 
silicon, silicides may not decompose during oxidation. WSi2-MoSi2 are
therefore more stable when silicon is available for oxidation. It should be noted 
that MoSi2+Si alloy has been successfully used for TE contacts to Si-Ge alloys.
(C) Intermetallic phases
There are more than one intermetallic phases in metal-silicon systems. In Mo 
and Nb (among refractory metal silicides) disilicides have the lowest melting 
point. Silicide characteristics are strongly influenced by the metal electronic 
structure. Several factors influence the intermetallic compound formation eg. 
the atomic diffusivity in various phases, concentration gradients, temperature, 
free-energy considerations and impurities.
(D) Diffusion process
Si is the dominant diffuser at high temperatures (eg. for Mo). For high 
temperature reactions (refractory metals & silicon) the phonon energy is high 
enough to break covalent bonds in silicon. Breaking the bonds allows silicon to 
diffuse into these-high melting point materials. The large concentration of 
structural defects, grain boundaries and point defects in the metal films 
considerably helps the diffusion of silicon in metal films.
Elements with electronic structure similar to the host lattice diffuse at rates 
similar to the self-diffusion rate, where as those with different electronic 
structure diffuse at rates considerably higher than the self diffusion rate. Here 
similarity means similarity in outermost or bonding electrons. These are d-
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electrons for all transition metals s-and/or p-electrons for the dopants, nonmetals 
and silicon.
Electromigration cause material transport because of enhanced & directional 
mobility o f atoms caused by (i) direct influence of electric field and (ii) collision 
of electrons with atoms. This leads to momentum transfer. Presence of grain 
boundaries, dislocations point defects all aid the material transport. Diffusion 
activation energy which influences the electromigration process is proportional 
to the metal’s melting point Tm (degree K). So it can be expected that refractory
silicides have larger activation energy and the reliability problems is not 
expected for MoSi2.
(E) Effect of impurities
Impurities can affect several properties and processes including the kinetics, the 
nucleation, the growth of intermetallics, electrical properties and even the 
stability in silicides. For example Mo & W react with clean crystalline silicon 
substrates at relatively low temperatures (500-600 degree C). However with P- 
doped Si it reacts only above 900 °C showing inability of Mo to penetrate the 
interfacial layer at lower temperatures. Although all impurities influence these 
characteristics, oxygen contamination has the most influence both as 
contaminants in the film and as the oxide layer at the interface and grain 
boundaries.
6.4.5 Oxidation
The influencing factors on properties of metal-02 systems are oxide to metal 
volume ratio, oxide melting points, oxygen solubility and heat o f formation of 
the oxide. Under controlled conditions most silicides can be oxidised to form 
the desired insulating oxide. In the case of MoSi2, usually a S i02 layer is 
formed and it is stable at high temperatures. However sometimes a rapid 
decomposition of MoSi2 has been observed.
The usefulness of the oxide grown on silicon or silicide is determined by the 
dielectric breakdown characteristics o f the oxide. For oxide grown on 
MoSi2/Si02 has been determined to be 2 to 5xl05V/cm, similar to that grown 
on polysilicon films. The oxide grown at higher temperatures have higher 
dielectric strength. Thus under controlled conditions acceptable isolation oxides 
can be grown on silicides.
6.5 Methods of making contacts
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Basically there are two approaches to make a contact. The first one yields a 
direct contact to a metallic conducting strap. In this category the methods 
include 1) direct soldering o f  the joint by the use o f a solder which wets or 
alloys with the TEM. However for the TEM to be operated at high temperatures 
(eg. Si-Ge) proper soldering techniques are not available/easy. 2) Solid-state 
diffusion bonding. As indicated by its name, this method uses solid state 
diffusion process and a variety of materials can be bonded together with 
appropriate processing parameters. The details of this method is discussed in 
Section 6.6.2 below. 3) Direct fusion o f the TEM to the metal strap by heating 
above the melting point or the eutectic temperature. This method relies on the 
following process.
When a metal is heated in contact with a thermoelectric compound, when 
the temperature is high enough (above the eutectic temperature) a liquid 
phase will be formed upon heating. This liquid phase will advance into 
the TEM until the composition in the liquid phase reaches a level which 
results in refreezing of the melt. If the temperature is not too high and 
there is limited supply of a component this may occur before too large a 
fraction of specimen has melted. The rate of this reaction is determined 
by transport rates in the melt, which are higher than those of solid state 
diffusion. The progress of melting may be stopped by lowering the 
temperature before melting process goes to completion. In this type of 
process some times high resistance regions are formed or some times 
brittle phases result in the TEM or in the resolidified junctions.
In the second approach a metallic layer is deposited by 1) electroplating 2) 
sputtering or evaporating the metal or 3) spraying the contact material by means 
of a flame or plasma jet. After a metal layer is deposited it is presumably easier 
to find a satisfactory means of joining that layer to the metal conducting strap.
6.6 Experiments and analysis
Considering above factors several types of experiments were performed. 
Because o f the time limitations of the project it was not possible to investigate 
all technical possibilities in detail, however, the most likely procedures based on 
published materials were investigated.
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As mentioned before recognising the importance of contacts several experiments 
were performed based on information available on Si-Ge, Si and other TEM in 
regard to the contact electrode. In case o f Si-Ge alloys even though a variety of 
methods has been reported in the literature82’96’97’98 the ones which have proved 
reliable involve advanced technology, the details o f which have not been 
published". Thus very limited information is available about the details on the 
successful preparation o f the electrical contact to Si-Ge alloys. However, there is 
a large number of reports about metallisation on Si and Si thin films.
Under the circumstances the research on contact could be directed at either or 
both of the following objectives.
1 A good metallic contact capable of operation within the desired 
temperature range.
2 A good metallic contact at room temperature and above, but may not be 
directly useful for operation at the desired high temperature.
Among these two the second one would be useful to obtain an indicative 
electrical properties o f the sample by measuring its properties accurately at a 
lower temperature. This is because without a proper contact it is extremely 
difficult to measure all the major three thermoelectric properties in the same 
sample (as discussed in chapter 5). The first one would be good not only for 
measurement purposes but also for actual operation after the fabrication o f the 
TEG made from the TEM with the contacts.
During development stage, a detailed electrical characterisation covering the 
whole temperature range which might need a sophisticated and expensive 
equipment and a large amount of resources may not be required. At first it is 
desirable to know from the accurate measurements at lower temperature range 
that the material developed could have good properties at higher temperatures 
too. This is because the design and building of the equipment setup for 
measurements at lower temperature would be relatively easier. This approach 
may optimise the available resources in the long run.
6.6.1 Experiments on Palladium coating
This experiment was aimed at the second objective and the method of direct 
fusion was adopted as explained below. Palladium melts at 1552 °C. However, 
with silicon it makes an eutectic of melting temperature 720 °C. Thus if a layer
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of palladium is sprayed on the top surface o f the Si-Ge alloys the palladium near 
the interface might make a conducting palladium silicide layer and the palladium 
on the outer surface might not be affected. Since the solid solubility o f Pd in Si 
is nearly zero all palladium would be in the form of the PdSi compounds. The 
palladium at the outer layer because of its high melting temperature would 
remain as such. It might take part in solid state diffusion process because the 
sintering temperature (~ 1250 °C) is quite lower than its melting temperature. 
Few experiments were performed to test if above process could be realised.
It is likely that the presence of the liquid phase at the interface could enhance the 
reaction at the interface and the Pd may be consumed quickly and diffuse to the 
bulk of the Si-Ge. So to get a good contact and a high density pellet at the same 
time it was decided to minimise the time for high temperature sintering (15 
minutes at 1260 °C as compared to around 5 hours).
During the experiment at first 0.47 gm of Si-Ge alloy powder was pressed using 
a pressure o f 250 kg/cm^. Then with the help of a fine sieve some palladium 
powder were sprayed (0.048 gm on one side and 0.05 gm) on the other. As with 
other samples the pressing equipment was put in an ultrasonic bath for 30 
minutes at high vacuum (for ultrasonic shaking of the fine grained mechanically 
alloyed powders). The final pressing was done at 6 tons/cm2 of pressure for 1 
hour under the same level o f vacuum (~ 8*10~5 torn).
The pellet obtained was sintered for 15 minutes at 1262 °C in the PASF with the 
normal 80 kg/cm^ of pressure. After the PAS the sample was attached with the 
graphite cup and the lid. Metallic melts were visible in between the lid and the 
cup at several places as shown in Figure 6.1. The sample was taken out by 
grinding/polishing away the graphite. The impurities were also carefully 
collected for analysis. One side of the sample was polished away. The 
SEM/EDXA was used to analyse the sample on both faces and the edges.
The powder X-ray pattern of the sample clearly showed the presence of 
palladium compounds. The SEM of the edge showed that Pd has certainly 
diffused inwards as seen from decreasing Pd level inside. Also the polished side 
has less Pd than the unpolished one. The analysis of the metallic bubbles clearly 
showed a significant amount of palladium and many of them, usually the round 
ones, are mainly palladium and little Si or Ge. Thus it was seen that the 
palladium mixed with Si-Ge produced melted eutectics which melted away from 
the sample because of the pressure applied over it. It shows that the temperature 
is very high for the anticipated process to occur in a right manner. A lower
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temperature (800 - 1000 °C) could produce a good PdSi2 contact but the density 
o f the Si-Ge would not be high.
Bubble shaped palladium
Figure 6.1: The form of the graphite container and the lid after the PASF when 
the sample had Pd coating before pressing.
6.6.2 Analysis on Mo and Nb coatings
These experiments were aimed at the first objective. Si-Ge thermoelectric 
materials are desired to be operated at the hot side temperatures around 1000 °C. 
As such the contacts used in the thermoelements should be able to withstand 
temperatures greater than 1000 °C. The use of refractory metals and their alloys 
(Nb, Mo and Mo+MoSi2 alloy) has been suggested in the literature.
Goldsmid86 notes that the provision of contacts to semiconductor thermoelements 
intended for use in high temperature application is a rather more difficult 
problem and that the welded contacts appear to be the only practical solution. In 
case of Si-Ge alloys Nb contacts have been reported to be used basically for 
measurement purpose. They were prepared by means of spot welding82»100- 
The attempts to spot-weld niobium to hot pressed Si-Ge alloys were not easy.
During this work also some preliminary attempts to spot-weld Nb were not 
successful. However, it should be noted that various other possibilities for 
different parameters during spot welding have not been investigated.
Several difficulties have been reported regarding Nb contacts. Also even if it 
were successful the contacts would be for measurement purpose only because it 
needs a new protective coatings for operation at high temperatures. Against this
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Mo was preferred for further investigation because on the one hand M0SÌ2 (the 
anticipated compound at the interface) has a stable high temperature (see Section 
6.4) characteristics and on the other hand already the protective coatings for Mo 
is available.
Another method of joining materials for high temperature application is solid 
state diffusion bonding72. Solid state diffusion bonding is achieved by atomic 
diffusion by solid state reactions at the interface or by forcing surfaces together 
under high pressure. Certainly this method seems to be the most promising for 
high-temperature applications. The bonding strength of such a joint is expected 
to be higher when compared with brazing or mechanical joint.
Examples of ceramic-to-metal solid state bonding are more numerous, eg. 
bonding of alumina and steel. In most cases the reaction mechanism is very 
complex and not well understood. Results are often based on trial and error 
experiments.
Much efforts have been going into the design of joints and methods for 
overcoming residual stresses by the use of interlayers. In case of Si-Ge alloys 
for TE applications interlayers are not desired because of the adulteration of the 
TEM which might occur otherwise. However, they may be required for 
processing purposes. Si-Mo shoes are reported to be bonded successfully with 
the Si-Ge TEM using Ge diffusion bond101 and with Ti foil102.
Based on this solid state diffusion bonding, Mo powders and Si-Ge pellets were 
press-sintered to see if bonding occurs. The anticipated process was as shown 
below for a small location (see Figure 6.2)
Figure 6.2: Boundaries shown are grain boundaries.
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During pressure assisted sintering interdiffusion occurs and Mo-Si compounds 
(mostly MoSi2) are formed at the interface between Mo and Si surfaces.
Evidence exists that annealing of Mo and Si above 500 °C in the pure state and 
above 900 °C for p-doped impure Si caused formation of MoSi295. Because of 
very high melting temperatures Mo-particles will not weld to each other except 
minutely small and week atomic adhesion due to diffusion. When the upper 
layer of Mo would be peeled off the inner layer of Mo-particles whose bottom 
surfaces are of Mo-Si compounds or solid solutions or dispersions will strongly 
bond to Si-Ge as indicated below (see Figure 6.3)
Figure 6.3: Boundaries shown are phase boundaries (not grain boundaries).
Thus the top layer of existing Mo-surface on the Si-Ge will make a metallic 
conducting coat.
6.6.3 Mo and Nb powder coatings
Following above analysis at the next stage, experiments similar to that done with 
Pd were done with Mo and Nb powder to realise the process as explained above. 
A number of experiments was done with Nb, Mo and Si:Mo powders. The 
results obtained were similar. A typical experiment (AS10P6) is described 
below.
0.468 gm of Si-Ge alloy was put in the die and pressed with a pressure of 80 
kg/cm^, 0.043 gm of coarse Mo powder is then sprayed uniformly on one side 
and pressed with 100 kg/cm2 of pressure. Similar amount of Mo powders was 
then sprayed on the second side and pressed with 120 kg/cm^ of pressure. Then 
as usual after ultrasonic shaking in vacuum the whole sample was pressed with a 
pressure of 6 tons/cm^ for 20 mins in vacuum. The sample obtained was 
sintered in the PASF at (1240 +_1) °C for 30 minutes at a pressure of 80 kg/cm^.
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After the PASFexperiment the graphite cup and the lid were stuck together but 
there was no metallic bubbles as observed in case of Pd (above). In an attempt 
to pull the lid out manually the graphite lid came off along with the Mo-surface 
attached with it. Thus it shows that there was week bonding with the Si-Ge 
alloy and the Mo-surface is more strongly bonded to the graphite. ERMA 
showed that the contact resistance of the pellet was very high. Later it was 
found to have a split. The sample's density was 85%. To get a better density 
another pellet was similarly prepared except that it was PASed at 1260 °C. The 
result of these experiments is tabulated below.











1240 °C 30 85% One Mo side came off with 
the carbon lid, the other 
looked well but contact 
resistance was very high.
AS10P8 SiGeB(0.7979,
0.1996,0.0025)
1260 °C 60 95% At first one Mo face was 
there at the interface between 
Si-Ge and carbon lid. That 
face got attached with carbon 
when tried to get attached 
with the pellet. Some Mo 
particles were there in the 
periphery of the Si-Ge pellet 
on that side.
Thus the result showed that in spite of some evidence of bonding, a proper 
bonding as anticipated in the above analysis did not result. There might be 
several thermal and mechanical possibilities causing this. Some of them are 
discussed in following paragraphs.
6.6.4 Analysis of the results
As mentioned above before PAS, large Mo-particles is inserted inside Si-Ge 
powders or smaller Si-Ge powders surround larger Mo-particles in contact with 
them. Consider a region as shown below (see Figure 6.4).
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Figure 6.4: Boundaries shown are grain boundaries.
During PAS at high temperatures at least above 1150 °C (confirmed by PAS 
experiments) diffusion of species occurs resulting bonding at various locations. 
Mo-particles are also diffused to each other and bond. A picture might be as 
shown below (see Figure 6.5).
Figure 6.5: Internal boundaries shown are phase boundaries.
The tendency o f unbonding may have resulted due to one or more of the 
following reasons;
1 Due to densification of Si-Ge and/or thermal expansion mismatch among 
Mo, Mo-Si compounds/alloys, Si-Ge and other (MoGe2 etc.) phases,
mechanical stress is produced and at places where it exceeds fracture 
stress the unbonding occurs (see Figure 6.6).
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Figure 6.6: Internal boundaries shown are phase boundaries.
2) Because of the decrease in molecular volume when atoms combine it is 
estimated that silicides contract (in case of MoSi2 the change in volume is
28% see Section 6.4.3). This also may have contributed to the increased 
stress.
3) The other factor which might be significant is that when MoSi2 is formed 
the composition of Si-Ge on the surface is disturbed and is Si-deficient, 
producing mechanical stress as a result. (Dr Mark Ridgeway mentioned 
similar effects during a discussion on possibility of using cobalt silicide 
by simply using cobalt deposition.) Probably the glassy layer sometimes 
seen on Si-Ge pellet after Mo had come off is because localised Ge-richer 
region melts, which occurred at that temperature because of Si-deficiency. 
This melting might have caused further densification and further stress 
(Ge decreases in volume by 5.5% when it fuses103).
An estimate o f lowering of the melting point of the Si-Ge alloys by this 
process is illustrated in Appendix 8. For the same alloy as shown on 
Table 3.1(b), considering 25% of the Mo powders present are involved in 
interdiffusion with Si-Ge, the solidus at the interface is reduced from 
around 1270 °C to 1050 °C. In such cases addition of an amount of Si 
may help (see Fig 6.7).
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Figure 6.7: Boundaries shown are grain boundaries.
The evidence of bonding in case of Mo powder in one o f the pellet (AS10P6) 
was at first confirmed by the ERMA measurements where the pressure in the 
current leading copper electrodes needed to be minimal. At the next stage the 
pellet was sectioned by the diamond saw and experiments on SEM were 
conducted to view the contact at high resolution. The contact did not come off 
when the pellet was being sectioned which further confirmed that it had some 
bonding inside. The SEM photographs of the contact are as given in Figure 6.8. 
The evidence of bonding and the tendency of splitting toward Si-Ge is found in 
SEM photographs in Figures 6.8 (A-B) and 6.9 (A-B).
6.6.5 Solid state diffusion bonding with Mo plate
In above experiments the sample was found with cracks and rough fracturable 
surfaces. So finally to avoid this thin Mo plates were used instead of powders. 
I f  they are found good then the latest techniques developed in coating Mo can be 
used to protect it from the atmosphere so that it could be used not only for 
measurement purposes but also for actual fabrication of the thermo couple. The 
experiment was performed with an aim of producing a conducting layer (eg. 
MoSi2) in between the Si-Ge TEM and the Mo plates by using the diffusion of
Mo and Si at the interface at high temperatures.
The experiment performed was similar to that described earlier (Section 6.6.4), 
however, instead of Mo powders Mo plates were used. The PAS experiments 
were performed at a range o f temperatures. All other parameters were similar. 
The results are as tabulated in Table 6.2 below.
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Table 6.2: Pressure assisted sintering with Mo plates on green pressed samples to 














1200 30 85% Bonding between Mo plate and the 
Si-Ge pellet is good, has survived 
all further processing including 
cutting by diamond saw.
AS9P7 SiGeP(0.78,0
.19,0.03)
1220 30 85% Mo bonding was week, came off 
easily before and cutting by a saw.
From the table it is seen that sintering together of Mo and Si-Ge using solid state 
bonding technique is possible. At temperatures 1150 to 1200 °C Mo does not 
attach to carbon rather it attaches to Si-Ge. In case of AS9P4 a small splitting of 
the Mo from the Si-Ge was seen. However, in case of AS9P6 which was 
sintered at 1200 °C, the Mo foil bonding looks well. To get a better density 
higher temperatures are required. However, as seen for AS9P5 and AS9P7 
which were sintered at higher temperatures, Mo bonding to Si-Ge is weak or 
non-existent. The results show that at temperatures greater than 1200 °C Mo 
has a tendency to bond to carbon more readily than Si-Ge. Higher the sintering 
temperature the greater is the tendency. Close examination of the resulted 
concave Si-Ge surface indicated that there is a possibility that the attachment 
with the carbon occurs after Mo attaches with Si-Ge. The other reason may be 
compounds formed by Mo + Si-Ge alloys react or diffuse with carbon at those 
temperatures. Similar observation was obtained from the results of AS10P8 
(sintered at 1260 °C).
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(A)
Figure 6.8 (A-B): SEM micrographs of a Mo powder coated sample showing the
contact at different magnifications.
(B)
Figure 6.9 (A-B): SEM micrographs of a Mo powder coated sample showing the 
split on Si-Ge side at different magnifications.
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Figure 6.10 (A-B): Micrographs of a sample with Mo-plate bonded by solid state
diffusion process after PAS at 1200 °C.
6.7 Analysis of AS9P6
Analysis using the ERMA showed that the contact resistance is very high and 
also the current density is not uniform. The negligible amount of pressure
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required to stabilise the current showed that the contact is good. Thus the 
contact is good and the contact resistance is not good indicated that the bonding 
does not cover the whole interface. There are micro-welds attaching the Mo foil 
to the Si-Ge alloy giving good contact but they are not in an enough area to 
reduce the contact resistivity. To confirm this the sample was analysed with the 
SEM/EDXA. The analysis showed that phosphorous has diffused to the surface 
and Si also has diffused to the surface. Under the surface Si is more. In most 
cases the contact could not be seen but at some places the contact was visible. 
In the middle the material is more homogeneous, however, patches of highly 
dense material and high Si-content material were observed. The presence of Si 
beyond the gap towards the Mo foil indicated either 1) after forming MoSi2
phase materials shrinking caused the gap or 2) at that temperature the resulting 
materials has a tendency to attach to carbon. A typical micro-graph of the 
sample is shown in Figure 6.10 (A) and (B).
Thus a partial success was achieved in making a contact to the Si-Ge alloys, 
which shows that the bonding of mechanically alloyed Si-Ge with Mo is 
possible under suitable conditions. Further investigations are necessary to 
obtain a good mechanical and electrical contact and at the same time obtain a 
high density pellet. Some o f the possible methods to overcome the difficulties 
of Mo joining to carbon could be as follows.
1 Some intermediate material to be put in the Mo and carbon interfaces. The 
material must inhibit Mo-C bonding or interaction. Silica may be one 
candidate because it is said to protect Si, MoSi2 and Mo. Si-C compounds
according to binary phase diagram form at very high temperatures (> 1800 
OC).
2 Another possible method is to perform two PAS operations. At the first 
operation Si-Ge alloys are PASed as usual to get a high density. The 
second operation o f the PASF could then be done with the Si-Ge sample 
and the Mo powder or foil, at temperatures not greater than 1200 °C. The 
time should be sufficiently long so that the solid state bonding process 
would be allowed to go to completion. If MoSi2 is formed as desired in
the interface between Mo and Si-Ge then a situation of the Si deficiency 
can be expected. This might again reduce the solidus and hence induce 
melting o f the resulting Si-Ge (Ge richer) alloy. To avoid this an 
additional required amount of Si can be estimated theoretically and 





The present work used a combination of new and existing innovative techniques 
to fabricate Si-Ge TEM. Although Si-Ge TEM are in use for special purpose 
applications for a few decades, its application for normal day to day terrestrial 
application has been limited mainly because of the cost of production and the 
low efficiency. Recent advances in materials science and processing techniques 
have overcome many of the fundamental difficulties which used to be present in 
conventional methods o f fabricating materials and systems. This study includes 
an investigation carried out in order to assess the feasibility of using these new 
achievements to devise a more cost-effective method to produce Si-Ge 
thermoelectric materials.
Although the Si-Ge TEG developed could be used in a variety of applications, at 
first, it was considered that at least one application should be identified where 
the use of such a TEG would be technically and economically desirable. An 
analytical study was performed to model the system performance of a TEG used 
as a topping cycle engine to a Solar thermal steam power plant such as the 
ANUTECH's Big Dish - Engine system. The study showed that a substantial 
increase in the net system efficiency is possible which could bring a significant 
cost improvement. This is not to say that such a TEG would be limited to this 
system only.
Towards making the Si-Ge TEM, ANU's innovative mechanical alloying 
technique which is proven to produce several novel materials and homogeneous 
solid solutions, was used to produce Si-Ge alloy powders. As desired, 
homogeneous powders o f Si-Ge with small grain sizes could be produced. In 
the process of compacting the powders additional equipment namely the 
pressing apparatus and the high temperature (-1300 degree C, -100 kg/cm2, 
inert atmosphere) pressure-assisted sintering furnace (PASF) were designed and 
built.
A sequence of green pressing and the pressure assisted sintering as well as the 
parameters required during the experiment could be identified in order to press 
the powders into a high density compacts, greater than 93% of the theoretical 
single crystal density. The values are comparable to the density values obtained
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by several other methods. Thus starting from the elemental materials, a high 
density compact of highly doped, homogeneous Si-Ge alloys with small grain 
sizes could be produced. Based on available information it is believed that this 
method would be much more amenable to automation as compared to the 
alternative vacuum hot - pressing technique. This in turn would be extremely 
helpful for wide scale application of the materials and the developed technology.
An ERMA was designed and built in order to characterise the sample within a 
temperature range up to 400 °C. The ERMA was experimentally validated by 
reproducing results (resistivity and the contact resistivity) of the experiments 
done earlier with another equipment on a BiTe thermoelement with integrated 
contact electrodes.
Despite good material properties as mentioned in above paragraph the results of 
the ERMA experiment was not promising. This made the TCMA which was 
already designed but not used, redundant as the thermal conductivity 
measurement would not be meaningful when the electrical conductivity is poor. 
The subsequent Hall effect measurements for the charge carrier concentration 
and RBS experiments for the elemental analysis revealed that the samples 
contain a significant amount of oxygen. The presence of oxygen could be 
responsible for the degraded electrical conductivity.
Investigations were continued to determine the major source of oxygen and 
timing during the processing, when it occurs. As found also by other researchers 
who worked in mechanically alloyed Si-Ge TEM, the major source o f oxygen 
was found to be during mechanical alloying and subsequent handling before 
pressing. In our case also the PASF was not contributing to the degradation of 
the electrical conductivity.
A substantial amount o f work was done to make a contact electrode to the Si-Ge 
alloy pellets. Because of the time limitation of the project, without going in 
depth, several methods and materials were attempted. Partial success was 
achieved with solid state bonding o f Mo foils and the powders in that the 
bonding was good mechanically. However, electrical contact resistance was 
very high (showing the presence of micro-welds but not an uniform bonding 
across the whole surface area). In several experiments they seem to be 
mechanically attached to the Si-Ge. It should be noted that with significant 
amount of oxygen in the sample which usually stays in the form of oxides in Si, 
the diffusion process on which the solid state bonding depends, could have been 
inhibited. Thus oxygen could not only be the cause of low electrical
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conductivity but also could be the cause of incomplete welding during the solid 
state bonding o f Mo.
7.2 Recommendations
Thus there are varieties o f experimental works that require to be done to prepare 
Si-Ge TEM o f overall good properties using this method which has a high 
potential for mass scale production (cost effective) of Si-Ge TEM.
a) Research on removal of oxygen from the mechanically alloyed powders.
Above conclusion clearly shows that priority should be given to further 
innovative techniques in mechanical alloying aimed at reducing oxidation. One 
of the possible process for investigation could be mechanical alloying at a higher 
temperature. Since higher temperature mechanical alloying is expected to 
enhance and, hence quicken the alloying process, if the timing of milling is 
responsible for oxygenation (section 5.7) the oxygen amount could be reduced 
by achieving the alloying quickly. Another possibility is to introduce a little bit 
of hydrogen during milling in a normally used He or Argon atmosphere. 
Hydrogen has a reducing characteristic and if  there is an optimum amount of 
hydrogen such that it would just nullify the effect of oxygen and does not 
produce unwanted impurities in the alloys it might also work.
b) Finding optimal processing parameters.
In addition to (a) above experiments to find optimal processing parameters 
compositions, duration of milling, atmosphere for milling, pressing, pressure 
assisted sintering and annealing parameters (eg. pressures, time, atmosphere, 
temperatures) can be continued to obtain the n-type and p-type thermoelements 
with best possible thermoelectric properties.
c) Research on contacts.
Research on contacts can be continued to identify the appropriate processing 
parameters. The possible processes are a) spot welding of Nb and protective 
coatings for high temperature operations, b) vapour sputtering of Mo or Nb to 
make a MoSi2 or NbSi2 layers on the surfaces, c) vapour sputtering with Mo 
and Si2 simultaneously d) vapour deposition o f Mo or Nb to make a MoSi2 or 
NbSi2 layers on the surfaces, e) vapour deposition with Mo and Si2 
simultaneously and f) making MoSi2 with mechanical alloying and applying
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PASF techniques based on the partial success achieved in Mo- bonding the 
following procedure could be investigated to obtain a good Molybdenum 
contact.
• Make the high density pellet in a normal way.
• Then use Mo foil or powders on the top and use the solid state bonding 
technique at temperatures less than 1200 °C for a sufficient amount of time 
to let the bonding complete. It can be expected that appropriate parameters 
during experiments would be critical to the successful bonding.
Work on equipment and measuring set-ups.
Further work on the PASF and the ERMA can be performed with a view to 
automate various experimental processes (eg. in controlling, monitoring 
measuring etc). And also after getting a good sample as characterised by the 
ERMA and other techniques (SEM/EDXA, X-ray etc.) the TCMA could be 
validated and used to accurately measure the thermal conductivity and the 




Appendix 1: A collaborative offer from the AMES laboratory in the US
In s titu te  fo r  P h ys ic a l R e s e a r c h  a n d  T e c h n o lo g y  
Iow a State University / A m e s , Iowa 50011-3020
April 3, 1990
Hr. Kamal R. Aryal
Energy Research Centre
Research School of Physical Sciences
Institute of Advanced Studies




Dear Mr. A r y a l :
After reviewing your proposal and forwarding a copy to our funding 
agency at the Department of Energy in Washington, D.C., I am pleased to 
inform you that a collaborative effort between the Ames Laboratory and your 
institution to develop SiGe-based thermoelectric alloys can proceed. We are 
very interested in new applications for high temperature thermoelectric 
materials and the use of such materials as a topping cycle for solar steam 
power plants is in keeping with our commitment to evaluate new methods to 
improve the overall efficiency of energy-related devices.
. In order to initiate this program, I feel that an exchange of samples 
would be in order. If you concur, we will send you portions of hot pressed 
SiGe compacts for measurement. Please advise on sample size/geometry re­
quirements for your measurement stations. In addition, we would be pleased 
to measure the electrical resistivity, Seebeck coefficient, and thermal 
diffusivity from room temperature to 1000°C on your materials. Please 
include, if possible, a description of your preparation procedure, composi­
tion, and any other information that might be relevant. Once these initial 
measurements are complete, a comparison of this data will help us establish 
a common ground against which future improvements can be compared.
If you would like to send us a bulk compact of your hot pressed mate­
rial, we can section it into appropriate samples for measurement. However, 
if you would prefer to section the alloys yourself, here are the required 
dimensions: one (0.4cm x 0.3cm x 1.1cm) ± 15% rectangular parallelepiped 
for electrical resistivity and Seebeck coefficient measurements and one 
right circular cylindrical disk for thermal diffusivity and Hall effect 
measurements having a diameter of 1.27cm ± 2.5% and height 0.185cm ± 8%.
Operated for the U.S. Department of Energy Under Contract W-7405-Eng-82
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Hr. Kamal R. Aryal 
Page 2
April 3, 1989
If you have other suggestions for our collaborative effort, we would be 
most happy to consider them. I look forward to participating in this 
research with you and am confident that both programs will realize benefits 
as a result. With the increasing concern over the environmental impact of 
various energy technologies, this project would appear a very timely and 
appropriate area of study.
Sincerely,








Office of Special Applications 
U.S. Dept, of Energy
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Appendix 2: A collaborative interest from the D ept of Mech. Engineering,
UOW.
Department of Mechanical Engineering 




Drs. K. R. Aryal and A. Biandstetter 
Energy Research Centre
Research School of Physical Sciences and Engineering 
Institute of Advanced Studies 
Australian National University 
Canbena
Dear Drs. Aryal and Brandstetter,
Your work on the pressure assisted sintering of Si-Ge alloy compacts is very interesting and I am 
very interested in your (possible) work on determining the best temperature, pressure and timing 
regime? for the PA$F for Si-Ge based pie-alloyed powders of various compositions and milling 
durations. In fact, I am writing to see the possibility for us to collaborate with you in this 
research.
In the last few yean I have been involved In this kind of investigation, Lei the packing of 
particles, as a PhJD. student in the Department of Materials Engineering, the University of 
Wollongong, and then a postdoctoral research fellow in the Division of Mineral and Process 
Engineering, CSIRO. The research group I am now working in has established a worldwide 
reputation in powder and bulk solids handling. We are now planing a research program to 
quantify the role played by powder characteristics in advanced materials processing. I really feel 
that there is a good prospect of our cooperation inthis kind of research.
Your work on Si-Ge alloy compacts may be considered in this way. As I understand, two 
theoretical densities can be identified, which may be referred toes the theoretical densities before
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and after sintering. Although high theoretical densities after sintering may be obtained by 
properly adjusting the sintering temperature, pressure and time, the cost may vary with the 
theoretical density before sintering. Generally speaking, a relatively high theoretical density 
before sintering can decrease the cost to achieve a given theoretical density after sintering. This is 
particularly true when a high theoretical density after sintering is expected. As you mentioned, a 
high theoretical density before sintering might result in less homogeneity - which might be 
improved later during sintering. Therefore, it may be advantageous to maximise the theoretical 
density before sintering in such a sintering process. This maximisation can be made by 
optimising the powder characteristics such as size, size distribution, particle shape and so on 
which may be controlled in a milling process.
Perhaps we could discuss this in more details. If so, please do not hesitate to contact me at your 
earliest convenience. My telefox number is 042 213101.
Yours sincerely
Dr. A. B. Y ii
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Appendix 3: Silicon and G erm anium  phase diagram .
W E IG H T P E R  C E N T  S I L I C O N
Appendix 4: Plot of therm al resistivity vs atomic composition in Si-Ge
alloys.
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For the sample P4
1.6 0.31 1.259 7.5 31.5 0.272727 30.95
1.3 0.26 1.209 6.4 30.4 0.2 30.15
1.2 0.24 1.189 5.9 29.9 0.2 29.4
0.949 mV 1 0.2 1.149 4.9 28.9 0.333333 28.75
24 oC 0.9 0.19 1.139 4.6 28.6 0.17094 28.015
0.7 0.14 1.089 3.43 27.43 0.2 27.18
0.6 0.12 1.069 2.93 26.93 0.208333 26.69
0.5 0.1 1.049 2.45 26.45 0.192308 26.19
0.4 0.08 1.029 1.93 25.93 0.208333 25.69
0.3 0.06 1.009 1.45 25.45
4 0.86 1.898 20.6 46.8 0.214286 44
2.8 0.62 1.658 15 41.2 0.150943 39.875
1.038 mV 2.4 0.51 1.548 12.35 38.55 0.153846 37.575
26.2 oC 2.1 0.43 1.468 10.4 36.6 0.157895 35.65
1.8 0.35 1.388 8.5 34.7 0.266667 34.325
1.6 0.32 1.358 7.75 33.95 0.105263 33.475
1.5 0.28 1.318 6.8 33 0.2 32.75
1.4 0.26 1.298 6.3 32.5 0.2 32
1.2 0.22 1.258 5.3 31.5 0.25 31.3
1.1 0.2 1.238 4.9 31.1
For the sample P7
3.6 0.59 1.651 14.35 41.1 0.285714 39
2.4 0.42 1.481 10.15 36.9 0.181818 36.075
1.061 mV 2.1 0.35 1.411 8.5 35.25 0.16 34.625
26.75 oC 1.9 0.3 1.361 7.25 34 0.285714 33.65
1.7 0.27 1.331 6.55 33.3 0.25 33.1
1.6 0.25 1.311 6.15 32.9 0.228571 32.025
1.2 0.18 1.241 4.4 31.15 0.266667 30.775
1 0.15 1.211 3.65 30.4 0.285714 30.05
0.8 0.11 1.171 2.95 29.7 0.266667 29.325
0.6 0.09 1.151 2.2 28.95
4.1 0.65 1.737 15.6 43 0.28 40.5
2.7 0.44 1.527 10.6 38 0.136364 36.9
1.087 mV 2.4 0.35 1.437 8.4 35.8 0.181818 35.25
27.4 oC 2.2 0.3 1.387 7.3 34.7 0.333333 34.25
1.9 0.26 1.347 6.4 33.8 0.25 33.4
1.7 0.23 1.317 5.6 33 0.333333 32.85
1.6 0.22 1.307 5.3 32.7 0.333333 32.25
1.3 0.18 1.267 4.4 31.8 0.4 31.675
1.2 0.17 1.257 4.15 31.55 0.2 31.3
1.1 0.15 1.237 3.65 31.05
*(look up from the table for the copper - constantan thermocouple)
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Appendix 6: (A) Schematic arrangem ent of the different components in the 





Brass screws to lift up (or bring down, for 
connection) the travelling probe from the sample
m i 
Copper block 
to which J  
heater wire is 
connected
Insulation 
Aluminium base plate with electrical 
.connections to external equipment eg. 
meters, power supply etc.
Screws connected to spring whose 




movement of the 
travelling probe
Appendix 6: (B) A photograph showing the assembled ERMA
Electrical connections to 
external equipment eg. 
meters, power supply etc. 
on the aluminium base 
plate
Heater wire to heat the 
chrome plated copper 
block inside the ERMA
Travelling probe in the rest 
position when not in use
Current leads to the gold 
plated copper blocks inside
kamal Aryal 160
Appendix 6: (C) A photograph showing various equipment and the 
arrangem ent used in a typical electrical resistivity measurement experiment
Appendix 7: Plot of volume change during di-silicide formation for various
metal silicon reactions
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Appendix 8: An estimate of lowering of the solidus temperature due to 
composition changes because of MoSi2 formation
Here the units used are in gm and cm
From Table 3.1(b)
Measured weight (gms) [Meas wf| 7.015
Net theoretical density (gm/cc) 2.988181599
No. of Si atoms |No Sil 9.10261E+22
No. of Ge atoms [No Gel 2.27742E+22
Avogadro's number 6.02E+23
Diameter of the pellet 1
Thickness of Mo diffusing at the interface 5.00E-03
Density of Mo 10.22
Mass of Mo PI * diaA2/4 * thickness 
* density
0.040133846
Atomic wt of Mo 95.95
No of Mo atoms in above mass [No Mol Av. No./At. wt*mass 2.52E+20
Considering 25% of this is involved in the 
diffusion, number of Si atoms required for 
(MoSi2)[No Si rql
No_Mo/4*2 1.26E+20
Thickness of Si-Ge involved in the diffusion 
fth SiGel
5.00E-03
Density of Si-Ge (assumed 93% of the 
theretical)
2.779008887





No. of Si atoms involved [ N o S i i n ] No_Si/Meas_wt*Mas 
s SiGe
1.4161E+20
No. of Ge atoms involved [No Ge in] No_Ge/Meas_wt*$M 
ass SiGe
3.5430E+19
No. of Si atoms left in the Si-Ge solution 
[No Si leftl
No Si in - No Si rq 1.57E+19
Resulting Si:Ge ratio No Si left/No Ge in 0.4433
Resulting atomic composition (Ge) No Ge in/(No Ge in 
+ No Si left)
0.6929
Resulting atomic composition (Si) No_Si_left/(No_Ge_i 
n + No Si left)
0.3071
Corresponding approximate melting point from the phase 
diagramrsolidus around (in degree C) =
1030
Actual thickness involved in diffusion process at the interface depends on time, 
temperatures and other parameters involved. Also other compounds of Mo and, 
Si and Ge might form. With sufficient time, however, mostly MoSi2 is likely to 
form because it has the highest free energy of formation (among Mo-Si 
compounds).
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Appendix 9: The measurement of electrical resistivity of the sample made 
with the vacuum melted and ground Si-Ge powder.
(Area of the sample = 0.05212 sq. cm)
(A) First face
Voltage 















a line (line A)
0.76968 0 0
0.76968 0.151 58 733.49 768.97
0.76968 0.301 121 802.03
0.76968 0.451 182 776.57




0.7698 0.466 172 891.01 768.91
0.7698 0.312 105 830.67
0.7698 0.166 55 653.87
0.7698 0.016 0 700.08
Line B
0.76963 0.001 0
0.76963 0.301 100 636.58 735.65




0.76937 0.315 109 775.50 738.31
0.76937 0.018 0 701.11
Line C
0.76693 0 0
0.76693 0.305 130 816.85 798.21




0.76693 0.311 120 819.54 790.52




















0.76197 0.15 143 681.55 726.56
0.76197 0.3 192 630.12
0.76197 0.6 290 630.12
0.762 0.75 365 964.44
3rd face
0.77066 0.021 0
0.77066 0.327 120 747.91 762.44
0.77066 0.621 240 778.44
0.77066 0.321 110 826.44
0.77066 0.02 0 696.97
4th face
0.7706 0.019 0
0.7706 0.321 120 757.88 762.87
0.7705 0.623 239 751.61
0.7705 0.466 173 801.91
0.7705 0.311 112 750.72
0.7705 0.169 55 765.72
0.7705 0.029 0 749.40
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